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L Introduction 


In 1981 a proposal was submitted to the NASA Solar Physics Office for a study of the 
dynamics of the fine-scale structure of the solar outer atmosphere using a high-resolution 
stigmatic extreme-ultraviolet (EUV) spectroheliometer. The scientific objectives of the 
program are to address currently unanswered fundamental questions concerning the fine- 
scale structure of the chromosphere, transition region, and corona. The unique 
characteristics of the spectroheliometer will be utilized in combination with plasma- 
diagnostic techniques to study the temperature, density, and velocity structures of specific 
features in the solar outer atmosphere. The goal is to seek a unified understanding of the 
interplay between the time-dependent geometry of the magnetic field structure and the 
associated flows of mass and energy, the key to which lies in the smallest spatial scales 
that are unobservable with current EUV instruments (see, for example, the review by 
Parker, 1985 and references therein, and papers by Doschek and others in NASA 
Conference Publication 2483, 1986). 

In order to study these phenomena, we proposed to construct a high-resolution stigmatic 
EUV spectroheliometer employing a toroidal diffraction grating fabricated using 
deformable optics, and a state-of-the art pulse-counting imaging photoelectric detector 
system. The EUV spectroheliometer is designed to provide images and high-resolution 
spectra over the wavelength range from 300 to 1200 A with a spatial resolution of better 
than 1 arcsec, a spectral resolution of the order of 0.08 A, and the capability to centroid 
spectral features to an accuracy of better than 0.002 A (0.04 pixels). A spatial field of the 
order of 0.4 x 180 (arcsec) 2 and a spectral range of 110 A can be monitored 
simultaneously with these spatial and spectral resolutions. 

The proposal to construct the EUV spectroheliometer was not accepted by NASA until 
1989 because of funding limitations. However, funding was provided under the NASA 
Supporting Research and Technology (SRT) program to initiate the fabrication of the 
toroidal diffraction grating using the elastically-deformable substrate technique. This 
final report describes the results of the toroidal grating development program which was 
funded initially at the University of Colorado under NASA SRT Grant NAGW-396 and, 
following the transfer of the Principal Investigator to Stanford University, under NASA 
SRT Grant NAGW-540. The evaluations of the toroidal gratings and the construction of 
the EUV spectroheliometer are continuing under NASA Grant NAG5-664. 

n. Results of the Development Program 

The SRT funding to support the detailed evaluation of the imaging characteristics of the 
toroidal diffraction grating enabled a number of tasks to be undertaken as the key initial 
steps in the fabrication of the EUV spectroheliometer. 

A 3600 grooves mm* 1 spherical master grating with a radius-of-curvature of 1 m was 
procured from Hyperfine Inc., Boulder, CO by the investigator at the Federal Technical 
University (ETH), Zurich, Switzerland. This grating was successfully replicated onto a 
deformable concave blank, and a fixed toroidal grating was replicated using the 
deformable sub-master grating. Two additional replica gratings were procured under this 
grant. A laboratory spectrograph designed to accommodate these toroidal replica gratings 
was fabricated at the University of Padua. In parallel with this activity, a number of 
sealed and open-structure Multi-Anode MicroChannel Array (MAMA) detector systems 
were fabricated at Stanford University (see Timothy, 1991 and 1992 attached to this 
report). 
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The initial photographic tests of the first toroidal replica grating were completed in 1984. 
Densitometer measurements of these photographic images showed that the spatial 
variation of the blur dimensions was essentially in agreement with that predicted from the 
ray trace analyses (Huber and Tondello, 1979). In order to provide more accurate data on 
the imaging properties of the toroidal grating, a (256 x 1024)-pixel visible-light MAMA 
detector system was shipped to the University of Padua in July 1985 for the first 
photoelectric tests of the grating. In a successful one-week test program images were 
recorded at the wavelength of the He I resonance line at 584 A. The results of these tests 
and descriptions of the spectrometer configuration and the grating fabrication technique 
are given in the publications (Huber et al., 1986 and 1988a) attached to this report. 

A second two-week test program was undertaken at the University of Padua in September 
1988 utilizing a new laboratory spectrograph and, for the first time, an open-structure 
(256 x 1024)-pixel MAMA detector system. The configuration of the laboratory system 
is shown in Figure 1. The light source was a DC hollow-cathode discharge which 
produced emission-line spectra; He, Ne and Ar were used as the source gases for the 
initial tests. A set of ten pinholes spaced along the entrance slit was used to provide 
spatial information at right angles to the plane of dispersion. The (256 x 1024)-pixel 
open-structure MAMA detector had pixel dimensions of 25 x 25 microns 2 and the MCP 
glass was used as the EUV photocathode. 



Figure 1. Configuration of the laboratory system for tests of the imaging properties of the 
toroidal grating at EUV wavelengths. 


The data from these tests were analyzed in detail and a summary of the results is given in 
the paper (Morgan et al., 1991) attached to this report. As an example of the type of data 
recorded during these tests, a spatially resolved spectrum of Ne at wavelengths near 600 
A is shown in Figure 2. A spatial cut through the pinholes at the wavelength of a single 
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emission line is shown in Figure 3(a) and the Ne emission line spectrum is shown in 
Figure 3(b). 


PINHOLES 



Wavelength (Angstroms) 


Figure 2. A 1000 second exposure of the Ne I spectrum. The spectrograph entrance 
aperture consisted of 10 equi-spaced pinholes. Each horizontal stripe is the Ne I 
spectrum imaged through a single pinhole. The dispersion runs in the horizontal 
direction; wavelength increases from left to right starting at about 560 A and ending near 
630 A. The second pinhole from the top was blocked at the time of this exposure. The 
intensity function table has been set to enhance the faint scattered-light continuum. 


Further measurements of the 3600 grooves mm 1 grating with an intensified CCD 
detector system were undertaken in Padua in 1990 in an attempt to arrive more closely at 
the exact stigmatic focus. The elegant results of these tests are described in the paper by 
Huber et al . , 1991, attached to this report. 

In order to obtain good image quality with optical systems faster than f/15, or at large 
angles of incidence, correction for coma is required. A more complex deformable 
substrate for the fabrication of aspheric gratings with coma correction has been procured. 
We have carried out initial laboratory tests of this substrate and have shown that it can be 
deformed into a toroidal form and also to induce coma. The substrate is now at 
Hyperfine, Inc., Boulder, CO., where the fabrication of the first aspheric grating is about 
to start. As discussed in the paper (Huber et al., 1988b) attached to this report, the 
elastic-deformation technique offers the potential for significant advantages over other 
techniques for fabricating aspheric surfaces in that slope errors are kept to a minimum. 
This technique is thus not only of major interest for solar instruments but also for 
instruments on other space astrophysics missions such as the Far Ultraviolet 
Spectroscopic Explorer (FUSE). 

The initial evaluations of a toroidal replica grating with a focal ratio of f/8 fabricated 
using an elastically-deformable substrate were started at Padua in 1991 as the first stage 
of a program to develop fast coma-corrected toroidal gratings for use in space 
astrophysics experiments. The results of these tests, described in Huber et al., 1991, 
showed that the effects of coma appeared to be significantly less than predicted by the ray 
trace results. The reasons for this are still not clear, and these investigations are still in 
progress. 


- 4 - 




Spectral Dimension 



(b) 

Figure 3(a). A spatial cut through the pinholes at the wavelengths of the emission line at 
626.83 A. Pinhole 1, which is seen as the top-most horizontal stripe in Figure 2, is seen 
as the left-most peak in this plot. The dark line shows the data and the thin line shows the 
result of a least-squares Gaussian fit to the data. 

(b). The spectrum obtained by averaging the bottom 4 pinholes shown in Figure 2. The 
inset shows the weak emission lines between 750 and 603 A with an expanded scale. The 
lines labeled are not all of those that have been identified. 
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In 1991 a second model of the laboratory spectrograph was delivered from Padua to 
Stanford in order to, first, allow an extended series of studies of the toroidal gratings, and, 
second, to form the basis of the characterization facility for the MAMA detectors for the 
Solar Ultraviolet Measurements of Emitted Radiation (SUMER) and the Ultraviolet 
Coronagraph Spectrometer (UVCS) instruments for the ESA/NASA Solar and 
Heliospheric Observatory (SOHO) mission. This toroidal grating spectrograph provides 
a unique capability for studies of the performance characteristics of image-recording 
detector systems at EUV wavelengths, since the toroidal gratings can produce 
monochromatic point images with diameters of less than 20 microns. Construction of a 
detector characterization facility is now in progress with support from our NASA SOHO 
Contract NAS5-30387. The immediate task to be undermken with this facility is the 
characterization of the SOHO MAMA detectors, which are optimized for studies at 
wavelengths between 400 A and 1600 A and have a format of 360 x 1024 pixels with 
pixel dimensions of 25 x 25 microns 2 . A total of eight engineering model and flight 
model detector systems are being fabricated for the two SOHO instruments.. 'Hie 
characteristics to be determined include the point spread function (PSF) and the detective 
quantum efficiency (DQE) as functions of wavelength, the flat field uniformity, and the 
geometric fidelity. 

In order to support the SOHO MAMA detector characterization program, two additional 
toroidal gratings were ordered from Hyperfine Inc. with a ruling density of 1800 grooves 
mm* 1 (see Bergamini et al., 1992 attached to this report) These gratings were also 
fabricated using the elastically deformable substrates. A spectrum of the hollow cathode 
light source operating with a He-Ne gas mixture at wavelengths around 600 A recorded 
with the 3600 grooves mm 1 toroidal grating is shown in Figure 4. An array of ten 
pinholes was mounted along the spectrometer entrance slit in order to determine the 
spatial image quality. These data were recorded with one of the SOHO breadboard 
MAMA detector systems. Some geometrical distortion can be seen in the image, caused 
by curvature non-uniformities in the curved-channel MCP in this detector system. The 
upper part of the image is attenuated by a 10% transmission mesh, designed to limit the 
signal from the strong H Ly a emission line during observations of solar active regions by 
the SUMER instrument. As the first step in the characterization program for the SOHO 
MAMA detector systems, both the 3600 grooves mm' 1 and the 1800 grooves mnr 1 
toroidal gratings have been used to test the quality of the images recorded through the 
mesh, as shown in Figure 5. The characterization of the first engineering model SOHO 
detector will begin in May 1992. 

As the last task in the SRT program, we completed the definition and initiated the 
detailed design of a high-resolution stigmatic EUV spectroheliometer which is 
compatible with flight on a Black Brant sounding rocket, and have now started 
fabrication of this instrument with support from NASA Grant NAG5-664. A detailed 
description of the instrument and the results of some of the optical ray traces are 
described in the papers (Timothy et al., 1991, Berger et al., 1991, 1992) attached to this 
report The test results already obtained under the SRT program have shown that the 
toroidal diffraction gratings fabricated with the elastically-deformable substrate can meet 
the imaging and spectral resolution requirements for the f/15 optical system of this 
instrument. The first flight of this payload is scheduled for early 1993. 
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Figure 4. He-Ne spectrum recorded with 3600 grooves mnv 1 toroidal grating and SOHO 
MAMA breadboard detector. A mesh with 10% transmission is over the top half of the 
detector. Geometrical distortion in the image is caused by the curved-channel MCP. 
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Figure 5. Images of the pinholes along the entrance slit of the toroidal grating 
spectrometer recorded directly and through the 10% transmission mesh to be used as an 
attenuator in the SUMER MAMA detector. 


III. Summary 

Under this grant we have successfully undertaken the following tasks: 

1. Fabricated and tested toroidal diffraction gratings by a new technique employing an 
elastically-deformable substrate. Toroidal diffraction gratings fabricated by this 
method will be used in the UVCS and the Coronal Diagnostics Spectrometer (CDS) 
instruments on the SOHO mission. 

2. Procured and tested the toroidal diffraction gratings to be used for the evaluation of 
the MAMA detector systems for the SUMER and UVCS instruments on the SOHO 
mission. 

3. Initiated the fabrications of fast (f/8) toroidal, and coma-corrected toroidal diffraction 
gratings using elastically-deformable substrates. 

4. Completed the detailed design of the High-Resolution Extreme-ultraviolet 
Spectroheliometer (HiRES) payload for flight on a Black Brant sounding rocket. 

Further studies are continuing under NASA Grant NAG5-664 and NASA Contract 

NAS5-30387. 
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Performance Characteristics of the Imaging MAMA Detector Systems for SOHO, STIS, and FUSE/Ly/nn/i 

J. Geihyn Timothy 

Center for Space Science and Astrophysics 
Stanford University, ERL 314 
Stanford, California 94305 USA 

ABSTRACT 


Imaging Extreme Ultraviolet (EUV) Multi-Anode MicroChannel Array (MAMA) detector systems with 
formats of 360 x 1024 pixels and pixel dimensions of 25 x 25 microns 2 are being fabricated and tested for 
flight in two instruments on the ESA/NASA Solar and Hdliospheric Observatory (SOHO). In addition, very- 
large-format (1024 x 1024)- and (2048 x 2048)-pixel Far Ultraviolet (FUV) and EUV MAMA detectors with 
pixel dimensions of 25 x 25 microns 2 are being fabricated and tested for use in the NASA Goddard Space 
Flight Center's Hubble Space Telescope Imaging Spectrograph (STIS), a second-generation instrument 
scheduled for in-orbit installation in 1997. Finally, FUV MAMA detectors with formats of 224 x 960 pixels 
and pixel dimensions of 14 x 14 microns 2 are being evaluated as prototypes of the detector for the prime FUV 
spectrograph of the Far Ultraviolet Spectroscopic Explorer (FUSE/Lyman) mission. The configurations and 
performance characteristics of the different detector systems are described and the plans for further 
development of the Advanced Technology MAMA detector system discussed. 


1. INTRODUCTION 

We are currently fabricating and characterizing Multi- 
Anode MicroChannel Array (MAMA) detector systems for 
use on a number of space ultraviolet astrophysics missions at 
far-ultraviolet (FUV) and extreme-ultraviolet (EUV) 
wavelengths between about 300 and 28 nm. Open, open with 
openable cover, and sealed, (360 x 1024)-pixel MAMA 
detector systems, with pixel dimensions of 25 x 25 microns 2 
and MgF 2 , KBr, and Csl photocathodes will be used in the 
Solar Ultraviolet Measurements of Emitted Radiation 
(SUMER) 1 and the Ultraviolet Coronagraph Spectrometer 
(UVCS) 2 instruments on the ESA/NASA Solar and 
Heliospheric Observatory (SOHO) 3 , scheduled for launch in 
1995. Prototype vcry-largc-format (1024 x 1024)- and (2048 
x 2048)-pixel MAMA detector systems, with pixel 
dimensions of 25 x 25 microns 2 and Csl and Cs 2 Te 
photocathodcs, are currently under test and in fabrication for 
the NASA Goddard Space Flight Center's Hubble Space 
Telescope Imaging Spectrograph (STIS), 4 a second- 
generation instrument scheduled for in-orbit installation in 
1997. Proof-of-concept sealed and open (224 x 960)-pixel 
MAMA detector systems, with pixel dimensions of 14 x 14 
microns 2 , are also under test as part of the Far Ultraviolet 
Spectroscopic Explorer (FUSE/Lyman) Phase B study. 5 

The performance characteristics of these different 
detector systems are described in the following sections of 
this paper in the context of the scientific objectives of each of 
the instruments. 


2. MAMA DETECTOR SYSTEM 

Details of the construction and mode-of-operation of the 
MAMA detector system have recently been presented in the 
literature. 6,7 The components of a MAMA detector consist 
of, first, the tube assembly and, second, the associated analog 
and digital electronic circuits. The MAMA detector tube, 
which can be sealed with a window or used in an open- 
structure configuration, contains a single, high-gain, curved- 
channel microchannel plate (MCP) electron multiplier with 
the photocathode material deposited on, or mounted in 
proximity focus with the front surface. Electrodes are 
mounted in proximity focus with the output surface of the 
MCP to detect and measure the positions of the electron 
clouds generated by single photon events (see Figs. 1 and 2). 


MULTI-ANODE MICROCHANNEL ARRAY 
BLOCK DIACRAM 

j Photon 



Fig. 1. Schematic of the imaging MAMA detector system. 
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Fig. 2. Schematic showing details of the curved-channel MCP and the imaging multi-layer anode array used in the MAMA 

detector tubes. 


The charge collected on the anode electrodes is amplified 
and shaped by high-speed amplifier and discriminator 
circuits. 

Digital logic circuits respond to the simultaneous arrival 
of the shaped signals from several of these electrodes in each 
axis, which are arranged in groups to uniquely identify a x b 
pixels in one dimension with only a + b amplifier and 
discriminator circuits. For example, a total of 32 x 32, i.e. 
1024, pixels in one dimension can be uniquely identified 
with 32 + 32, i.e. 64, amplifier and discriminator circuits. In 
the imaging MAMA detector tube, two arrays are mounted in 
tandem with orthogonal orientations, so that the positions of 
the detected photons can be sensed in two dimensions. In 
this configuration (a x b ) 2 pixels can be uniquely identified 
with only 2 x (a + b) amplifier and discriminator circuits. 
Thus, a (1024 x 1024)-pixel array, for example, requires a 
total of only 128 amplifier and discriminator circuits. The 
two layers of anode electrodes in the imaging arrays are 
insulated from each other by a Si0 2 dielectric layer. The 
dielectric between the upper layer electrodes is etched away 
to allow the low energy (-30 eV) electrons in the charge 
cloud from the MCP to be collected simultaneously on both 
arrays. Details of the latest MAMA anode-array geometries 
and position-encoding algorithms can be found in the 
literature. 8 ' 10 


3. SOHO MAMA DETECTOR SYSTEMS 

The MAMA detectors for the SUMER and UVCS 
instruments on the SOHO mission have a high degree of 
commonality, but also significant differences dictated by the 
scientific needs of the two instruments. The definition of the 
detector systems has accordingly required a great deal of 
interaction between the MAMA detector development group, 
the SUMER instrument team at the Max-Planck-Institul fiir 
Aeronomie (MPAe), Kallcnburg-Lindau, Germany, and the 
UVCS instrument team at the Smithsonian Astrophysical 
Observatory (SAO), Cambridge, MA. All of the detectors 
have formats of 360 x 1024 pixels and pixel dimensions of 
25 x 25 microns 2 . The other key parameters arc listed in 
Table 1. The SUMER instrument is designed for spatially- 
resolved line-profile studies at wavelengths between about 
40 and 160 nm. This instrument employs two MAMA 
detectors for redundancy. The prime detector is designed to 
be used in an open configuration and has a cover which can 
be opened on command after the instrument is under high 
vacuum in a test chamber or in the space environment. The 
purpose of the cover is to protect the photocathode materials 
and the high-gain MCP from contamination during the years 
of the instrument and spacecraft integration and lest 
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Table 1. Key Parameters of the MAMA Detectors for the SUMER and UVCS Instruments 

on the SOHO Mission. 



SUMER 

UVCS 


Detector A 

Detector B 

Detector 1 

Detector 2 

Pixel Format 

360 x 1024 

360 x 1024 

360 x 1024 

360 x 1024 

Pixel Dimensions 

25 x 25 pm 2 

25 x 25 pm 2 

25 x 25 pm 2 

25 x 25 pm 2 

Anode Array Active Area 

9.0 x 25.6 mm 2 

9.0 x 25.6 mm 2 

9.0 x 25.6 mm 2 

9.0 x 25.6 mm 2 

MCP Active Area 

10 x 27 mm 2 

10 x 27 mm 2 

10 x 27 mm 2 

10 x 27 mm 2 

MCP Pore Size 

12 microns 

12 microns 

12. microns 

12 microns 

Number of Amplifiers 
(including analog output) 

105(104+1) 

105 (104+1) 

105(104+1) 

105 (104+1) 

Photocathode Material 

MgF 2 and KBr 

MgF 2 and KBr 

Csl 

KBr 

Hybrid Amplifier and Discriminator 

Yes 

Yes 

Yes 

Yes 

Gate Array Decode Circuits 

Yes 

Yes 

Yes 

Yes 

Configuration 

Openable cover 

Open 

Sealed 

Openable cover 


programs. The different subassemblies which make up the 40 and 80 nm, and also to provide rejection of the strong H 
opcnablc-covcr detector system are shown in Fig. 3 and the Ly a 121.6 nm radiation, since in SUMER the spectral lines 

detector system block diagram is shown in Fig. 4. The at wavelengths below 80 nm are observed in second order. 

SOHO detector systems are being fabricated at our prime In addition, the detector has two 10% transparency nickel 

industrial contractor. Ball Electro-Optics and Cryogenics meshes mounted over a 30-pixel area at either end of the 

Division (BECD), Boulder, CO. The configuration of the array to act as attenuators for the H Ly a 121.6 nm line, 
photocathodes on the SUMER detector is shown in Fig. 5. permitting this extremely strong emission line to be observed 

Two photocathode materials are deposited on the front face in active regions on the solar disk without saturating the 

of the curved-channel MCP: KBr for a high-quantum detector system. 


efficiency at wavelengths between 80 and 160 nm; and MgF 2 The back-up detector in the SUMER instrument 

for both a high-quantum efficiency at wavelengths between (detector B) is open and does not have the openable cover in 



Fig, 3. Openable-cover SOHO MAMA detector system subassemblies. 
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Fig. 4. Openable-cover SOHO MAMA detector system block diagram. 


order to eliminate the effects of any systematic design 
problem in the openable-cover mechanism. The dual 
photocathode is again used on the back-up detector, even 
though some degradation of the KBr photocathodc is 

Photocathod* 

No calhod* 



Attenuator 

Attenuator (Mounted on Field Electrode) Attenuator 



Fig. 5. SUMER MAMA detector system photocathode 
configuration. 


expected during the several years that the detector must be 
stored under a dry N 2 purge during instrument and spacecraft 
integration and test. We originally planned to use solely the 
MgF 2 photocathodc for the open detector, since this material 
has proved to be highly stable on exposure to dry N 2 . 
However, a loss of sensitivity of even a factor of two in the 
KBr photocathodc prior to launch will still yield significantly 
higher quantum efficiencies than MgF 2 at wavelengths longer 
than 80 nm, and will, accordingly, increase the scientific 
return in the event that the back-up detector has to be 
employed during the mission. 

The UVCS detectors arc designed primarily to observe 
radiation at wavelengths between 103 and 135 nm from the 
solar corona above the disk, and also to observe radiation at 
wavelengths between 61 and 135 nm on the solar disk. The 
sealed detector, designed to observe scattered H Ly a 121.6 
nm radiation from the corona, has a MgF 2 window and a Csl 
photocathode deposited on the front face of the MCP. The 
sealed detector is sensitive to radiation in the wavelength 
band from 113 to >135 nm. Because of the optical 
configuration of the UVCS spectrometer, the UVCS tube 
must have a thin "wafer" configuration, with the distance 
from the front surface of the MgF 2 window to the Csl 
photocathodc being no more than 7 mm. 

The second detector, which is open with an opcnablc 
cover and is identical in configuration to the SUMER prime 
detector, is used to observe radiation at shorter wavelengths. 
This detector has a KBr photocathodc for maximum 
sensitivity at wavelengths between 93 and 107 nm. The 
detector is also used to observe radiation at wavelengths 
between 46 and 63 nm in second order. 
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Breadboard (360 x 1024)-pixcl MAMA detector systems 
have so far been delivered to the Astronomischcs Institut 
Tiibingen (AIT) in Germany and to the University of Padua 
in Italy to support the SUMER and UVCS development 
programs, respectively. The SUMER breadboard system has 
a Csl photocathode deposited on the front face of the MCP, 
and the Padua breadboard system has a KBr photocathode 
deposited on the front face of the MCP. A sealed breadboard 


UVCS detector system with a "wafer" tube having a MgF 2 
window and a Csl photocathode deposited on the front face 
of the MCP will shortly be delivered to SAO. The 
configuration of the (360 x 1024)-pixel SOHO anode array is 
shown in Fig. 6a, and the configuration of the breadboard 
detector system, which employs discrete electronics 
components and is significantly larger than the flight units, is 
shown in Fig. 6b. 


(a) 


Fig. 6. SOHO MAMA Breadboard 
Detector System, 
(a) (360 x 1024)-pixel anode array 
with 25 x 25 microns 2 pixels, 
(b) Assembled breadboard 
detector system with laboratory 
evaluation tube attached. 
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Extension of pores to 
edge, not metallized 


Standard width 
non-metallized 
rim area 



Fiducal mark 
on input side 


Non-active area 
metallization 



Minimum allowable active area 
metallization 10 x 28 mm 2 


Analog pores, 1 1.7 mm 
below center line 


Curvature 

direction 


Fig. 7. Configuration of the SOHO Curvcd-channcl MCP. 


A prime consideration for the SOHO mission is that the 
detectors must have a very high dynamic range, both per 
pixel and from the total array. The optimized MCP 
configuration (see Fig. 7), which permits the use of a high- 
conductivity plate, and the new application-specific 
integrated circuit (ASIC) decode chip will be used in the 
flight detector systems and will significantly increase the 
maximum count rate capability from each pixel and from the 
total array. A 10% loss of detective quantum efficiency 
(DQE) at a single pixel rate in excess of 100 counts s' 1 and a 


total array rate in excess of 6 x 10 5 counts s' 1 are predicted 
on the basis of measurements to date with the breadboard 
detector systems. Some of the key performance 
characteristics for the SOHO flight detector systems are 
listed in Table 2. Since both instruments will employ the 
detectors in imaging spectrometers for high-accuracy line 
profile and line-shift measurements, the geometric fidelity of 
the detectors is of paramount importance. An image of a US 
Air Force test target recorded with the SUMER breadboard 
detector system is shown in Fig. 8. These imaging tests have 
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Fig. 8. Image of a test target recorded with (360 x 1024)-pixel SOHO MAMA breadboard detector system. 
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Table 2. Key SOHO MAMA Detector Performance Characteristics 



SUMER 




1 

Parameter 

Detectors A & B 

UVCS Sealed 

UVCS Open 

Units 

Comments 

Pixel resolution 

25 

25 

25 

Microns 

FW1IM 

Croc sulk 

<2 

<1 

< 1 

Percent 

Into pixels adjacent to an illuminated 


(< i r»» 



Percent 

pixel 


4x10 2 

< 10 2 

<10 2 

Percent 

Into a pixel two pixels or more from 


(< 10 1 goal) 



Percent 

an illluminated pixel 

Posiuon sensitivity 

<25 

<25 

<25 

Microns 

Ability to identify the centroid of a spectral 


(< 1.0 goal) 



Micron* 

or spatial feature with a diameter of 30 
microns FWHM (S/N limited) 

Spatial lineanty 

± 25 per 26 mm 

± 5.0 per 13 mm 

± 5.0 per 13 mm 

Microns 

Maximum variations dependent on curva- 


(± 5 goal) 

±5.0 per 4 mm 

±5.0 per 4 mm 

Microns 

vaturc uniformity of C-plate MCP. C-plate 
is curved in 360 pixel direction. 

Detective Quantum 





Auumed to be 75 percent of photocathode 

Efficiency (DQE): 





quantum efficiency 

Bare MCP 

>7 



Percent 

Windowless at 584 A 


(>I0 goal) 



Percent 


Or 

>20 



Percent 

Windowless it 1066 A 


(>30 goal) 



Percent 


MgFj 

>10 



Percent 

Windowleu at 584 A 

(>15 goal) 



Percent 


Csl 


>7 through MgF^ window 


Percent 

At 1164 A 



>10 through Mgl* 2 window 


Percent 

At 1216 A and 1304 A 

Or 



>20 

Percent 

Windowleu at 584 A and 1048 A 

Long wavelength cutoff: 






Bare MCP 

1403 



A 

Defined as wavelength where 

Or 

1700 



A 

detective quantum efficiency (DQE) 

MgP 2 

1254 



A 

< 2 percent (< 1 percent goal) 

Csl 


<1 at 2000 


Percent tt A 

DQE 



< 10 1 at 2500 


Percent at A 




<10 2 at 3000 


Percent at A 




< 10 2 at 4000 


Percent at A 


Or 



< 1 at 1700 

Pcrcci* at A 

DQE 




< 10 > at 2200 

Percent at A 





< 10 2 at 3200 

Percent at A 





<10 J at 4000 

Percent at A 


Dark count rates: 






Bare MCP 

<0.02 



Counts mm' 2 s"* 

At < 30* C ambient temperature 


(< 0.01 goal) 



Counts mm' 1 *' 1 

Or 

<0.2 



Count* mm' 2 *' 1 

At < 30* C ambient temperature 


(<0.1 goal) 



Counts 


MgF, 

<0.07 



Counts mm' 2 s' 1 

At < 30* C ambient temperature 

(<0.03 goal) 



Counts mm' 2 !’ 1 


Csl 


<0.1 


Counts mm' 2 s* 1 

At < 30* C ambient temperature 

Or 



<01 

Counts mm' 2 s' 1 

At < 30* C ambient leanpenuire 

Single pixel maximum 

150 



Counts s' 1 

At 30 percent loss of DQE 

true count rate 


35 

35 

Counu s ' 

At 1 0 percent loss of DQE 


>Z0x 10 5 



Counts s’* (random) 

At 1 0 percent loss of DQE 

count rale 

> 6.0 x 10 s 



Counts s 1 (random) 

At 30 percent loss of DQE 



> 24 x 10* 

>24x10* 

CounU s ' (random) 

At 10 percent loss of DQE 

Total array maximum 

>3 x 10 s 

> 3 x 10 5 

>3x 10* 

Counu s ' (random) 

At 10 percent loss of DQE 

count rale 






Poisson response 

5 

5 

5 

Percent statistical 

Chi-square test comparing sample distribu- II 




significance level 

tion to Uue Poisson distribution. 
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shown that the theoretical spatial resolution of 25 microns 
has been achieved and that the position sensitivity and spatial 
resolution are independent of both signal level and time. 
Small geometric nonuniformities are observed in the detector 
systems because of nonuniformities in the locations of the 
channels of the MCP. New techniques for manufacturing the 
curved-channel MCPs for the flight detector systems are 
expected to improve the geometric fidelity; however, the 
calibration of these spatial nonuniformities will be a major 
task in the detector characterization program. 

4. STIS MAMA DETECTOR SYSTEMS 

The NASA Goddard Space Flight Center's Hubble Space 
Telescope Imaging Spectrograph (STIS) is a multi-mode 
instrument designed for echelle spectroscopy, long-slit 
spectroscopy, slitless spectroscopy, photon time-tagging, and 
direct imaging. The instrument, as originally conceived, 
contains four detectors, each with formats of 2048 x 2048 
pixels. Two Tektronix CCD's are used to cover the 
wavelength range from 300 to 1100 nm, and two MAMA 
detectors are used to cover the wavelength range from 300 
nm down to the short wavelength limit of the MgF 2 window 
at 115 nm. The D-l MAMA detector employs a Csl 
photocathode deposited on the front face of the MCP for 
optimum sensitivity in the range from 115 to 170 nm, and the 


D-2 MAMA detector employs a CsjTe photocathode which 
will either be deposited on the MgF 2 window of the detector 
tube, or on the front face of the MCP, to cover efficiently the 
wavelength range from 115 to 300 nm. The format of the 
STIS detector is 2048 x 2048 pixels, with pixel dimensions of 
25 x 25 microns 2 , fabricated from four contiguous (1024 x 
1024)-pixcl arrays with a 3-pixcl dead space, as shown in 
Fig. 9. This arrangement provides redundancy, because an 
electronics failure in one quadrant will not affect the 
performance of the remaining three quadrants, and also 
increases the dynamic range of the detector by a factor of 4, 
since each quadrant works as an independent detector system. 
The characteristics of the STIS detector arc listed in Table 3. 

The "bake and scrub" of the first 75-mm-format 
"chevron" MCP stack received from Philips Components, 
Inc. is now in progress in preparation for the first imaging 
tests with this detector system. 

As a precursor to the work with the (2048 x 2048)-pixcl 
detector, we have constructed a number of (1024 x 1024)- 
pixel detectors in the 40-mm-format MAMA detector tubes, 
with the anode array configuration shown in Fig. 10. A 
rectified image recorded with one of these detector systems is 
shown in Fig. 11. 

Recently, the STIS instrument has been forced to 
dcscope, and the (1024 x 1024)-pixel MAMA detector 
system is now baselined for this instrument. As shown in 



Fig. 9. STIS MAMA (2048 x 2048)-pixel anode array mounted on the 75-mm-format ceramic header. Pixel dimensions arc 25 
x 25 microns 2 and the dead space between the four (1024 x 1024)-pixel arrays is 3 pixels wide. 
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Table 3. Key Characteristics of the MAMA Detectors for STIS and FUSEJ Lyman. 



STIS 

FUSE 

Pixel Formal: 

2048 x 2048 (4 x 1024 x 1024) 

728 x 8096 (4 x 728 x 2024) 

Pixel Dimensions: 

25 x 25 microns 2 

22 x 1 6 microns 2 

Anode Array Active Area: 

51.2 x 51.2 mm 2 

16.0 x 32.4 mm 2 (x 4) 

MCP Active Area: 

52 x 52 mm 2 

17 x 33 mm 2 (x 4) 

MCP Pore Size: 

10 microns 

8 microns 

Number of Amplifiers: 
(including analog output) 

529 ([4 x 132] + 1) 

577 ([4 x 144] + 1) 

Photocathodc Material: 

Csl and Cs 2 Te 

KBr 

Hybrid Amplifier and Discriminator 

Yes 

Yes 

Gate Array Decode Circuits: 

Yes 

Yes 

Opcnable Cover: 

No 

Yes 


Fig. 10, the encoding electrode structures in the present 
(1024 x 1024)-pixcl array have been located on only two 
sides of the active area to provide the capability for buuing 
the four arrays together to form the (2048 x 2048)-pixel 
array. For the demonstration (1024 x 1024)-pixel MAMA 
detector now being fabricated for STIS, the encoding 
electrodes will be located on all four sides of the array, as for 
the SOHO array, in order to provide an optimized (1024 x 
1024)-pixcl structure for a very-long-duration flight mission. 


5. FUSEILYMAN MAMA DETECTOR SYSTEM 

The prime EUV spectrograph of the FUSE instrument 
employs an aspheric concave diffraction grating in a 
Rowland circle mounting. Accordingly, the detector for this 
spectrograph must have a long rectangular format to cover 
the spectral range from 90 to 120 nm, with a spectral 
resolution (X/8X) of 30,000. In addition, the pixel size must 
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Fig. 10. STIS MAMA (1024 x 1024)-pixel anode array with 25 x 25 microns 2 pixels. 
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Fig. 11. Image recorded with STIS MAMA (1024 x 1024)- 
pixcl detector system. 


be smaller than 25 microns in order to obtain the required 
spectral resolution in a spectrograph with a size compatible 
with the limitations of the Explorer-class FUSE payload. 
The Phase A concept for the MAMA detector system is a 
(728 x 8096)-pixel detector composed of four contiguous 
(728 x 2024)-pixcl arrays, each with 22 x 16 microns 2 pixels. 
The proposed configuration is shown in Fig. 12, and the key 
characteristics of the detector are listed in Table 3. 

In order to validate the smaller pixel size in the MAMA 
detector system, as part of the FUSE Phase A study two (224 
x 960)-pixel MAMA detector tubes with array pixel 
dimensions of 14 x 14 microns 2 were fabricated (sec Fig. 
13). One is a sealed tube with a bialkali visible light 
photocathode, and the other is an open, demountable tube 
which will be used for high-resolution studies at EUV 
wavelengths. The high-gain curved-channel MCP used with 
this array employs 8-micron-diamclcr channels on 10-micron 
centers, as shown in Fig. 13. Images of test targets taken 
with this detector system arc shown in Fig. 14, and as shown 
in Fig. 15, it can be seen that the theoretical resolution of 14 
microns is being achieved. Further evaluations of these 
detector systems in the open-structure mode at wavelengths 
below 120 nm will be undertaken later this year, using our 
toroidal grating imaging EUV spectrograph. High-resolution 
images will also be recorded using the new decode ASIC 
chip in order to determine if the resolution can be further 
improved to the theoretical limit of 10 microns set by the 
channel spacing of the MCP. 



Fig. 12. Schematic of proposed FUSE MAMA detector composed of four contiguous (728 x 2024)-pixcl arrays 

with 22 x 16 microns 2 pixels. 
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Fig. 13. Proof-of-conccpt FUSE MAMA (224 x 960)-pixcl array with pixel dimensions of 14 x 14 microns 2 . The 
curved-channel MCP has 8-micron-diametcr channels on 10-micron centers. 


6. THE ADVANCED TECHNOLOGY MAMA 
DETECTOR SYSTEM 

The large amount of data being recorded with the 
MAMA detector systems, including those in the high- 
resolution imaging mode, have shown that the imaging 


characteristics of the detector system are being limited by the 
performance of the high-gain, curved-channel MCPs. In 
particular, nonuniformities of curvature and spatial 
distortions at the multi-fiber boundaries (sec Fig. 16) arc 
degrading the geometric fidelity of the MAMA anode array. 
In addition, the maximum single-pixel count rate of the 
MAMA is limited by the properties of the MCP. In order to 



Fig. 14. Positive and negative 
images of a USAF test target 
taken at ultraviolet wavelengths 
with a (224 x 960)-pixel fine- 
fine array with 14 x 14 microns 2 
pixels, and a curved-channel 
MCP with 8-micron-diameter 
channels. The sequence of bars 
in these images start with a 
resolution of 2.51 line pairs mm' 1 
(Group 0, element 3 on the right 
side of the images). The closest 
bars in the image have a 
resolution of 113.6 line pairs 
mm' 1 (Group 5, element 6 to the 
left of the image centers). 
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Fig. 15. A cut through an image of a 20-micron-diamcter 
spot of ultraviolet light recorded with the 14 x 14 microns 2 
pixel MAMA detector tube. 


overcome these limitations, we have started investigations of 
improved MCPs fabricated from reduced lead silicate glass 
(RLSG) and, also, are conducting preliminary investigations 
into the possibility of fabricating advanced technology (AT) 
MCPs using silicon lithographic techniques. 

For the RLSG MCPs, we plan to continue investigations 
of very small pore devices, and as part of the SOHO 
program, we arc undertaking a scries of developments at both 
Galileo Electro-Optics Corporation (GEOC) and Detector 
Technology, Inc., (Detech) in order to improve the degree of 
• curvature and the uniformity of curvature in the present 
generation of MCPs. The potential advantages of the AT- 
MCPs are, first, the complete elimination of geometric 
distortions because of the precision of the lithographic 
fabrication process, and second, the possibility of producing 
a very-high-dynamic-rangc structure by fabrication of an 
optimized dynode structure. At this point in time, we have 
just started initial etch-tests with our first wafers in 
preparation for attempts to fabricate single-element and one- 
dimensional structures. 



••MS 
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Fig, 16. Distortions of the interfaces of the multi-fibers in a curved-channel MCP. 
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Multi-anode microchanncl array detector systems for space astrophysics 
missions 


J Gethyn Timothy 

Center for Space Science & Astrophysics, Stanford University ERL 314, Stanford, CA 94305, USA 

ABSTRACT: The multi-anode microchanncl arrays (MAMAs) are now under active development 
for use on a number of space ultraviolet astrophysics missions at far ultraviolet and extreme 
ultraviolet wavelengths. Visible-light versions of these detector systems are also being used for high- 
time-resolution studies, including speckle interferometry, at ground-based telescopes. The 
configurations of the different MAMA detector systems arc described, and the use of custom 
application-specific integrated circuits (ASICs) in the electronics to improve the performance 
characteristics is discussed. 


1. INTRODUCTION 

We are currently fabricating and characterizing a number of different MAMA detector systems for use on 
space astrophysics missions at far ultraviolet (FUV) and extreme ultraviolet (EUV) wavelengths between 
about 300 and 28 nm. We are utilizing visible-light versions of these detector systems for scientific 
studies at ground-based telescopes at wavelengths between about 800 and 300 nm. 

Open, open with opcnable cover, and sealed (360 x 1024)-pixel MAMA detector systems, with pixel 
dimensions of 25 x 25 microns 2 and MgF 2 , KBr, and Csl photocathodes will be used in the Solar 
Ultraviolet Measurements of Emitted Radiation (SUMER) (Wilhelm el al 1988) and the Ultraviolet 
Coronagraph Spectrometer (UVCS) (Kohl el al 1988) instruments on the ESA/NASA SOHO mission 
(Domingo and Poland 1988), scheduled for launch in 1995. Prototype very-large-format (1024 x 1024)- 
and (2048 x 2048)-pixel MAMA detector systems with pixel dimensions of 25 x 25 microns 2 and Csl and 
Cs 2 Te photocathodes are currently under test and in fabrication for the NASA Goddard Space Flight 
Center's Hubble Space Telescope Imaging Spectrograph (STIS) (Woodgate el al 1986), a second- 
generation instrument scheduled for in-orbit installation in 1997. Under this program a (256 x 1024)- 
pixel MAMA detector system has recently been flown twice on sounding rockets for FUV imaging of 
galaxies at wavelengths between about 125 and 170 nm. A (1024 x 1024)-pixel prototype FUV detector 
system will be flown on a sounding rocket in the coming year. Finally, proof-of-concept sealed and open 
(224 x 960)-pixel MAMA detector systems, with pixel dimensions of 14 x 14 microns 2 are under test as 
part of the FUSE/Lymnn Phase B Study (NASA Final Report 1989). Visible-light versions of the (224 x 
960)-pixel detector system and the (1024 x 1024)-pixel detector system are being utilized at ground- 
based telescopes in a number of high-time-resolution studies, including speckle interferometry. 

2. MAMA DETECTOR SYSTEM 

Details of the construction and modc-of-operation of the MAMA detector system have recently been 
presented in the literature (Timothy 1989 and 1991a). Briefly, the components of a MAMA detector 
consist of, first, the tube assembly and, second, the associated analog and digital electronic circuits. The 
MAMA detector tube, which can be sealed with a window or used in an open-structure configuration, 
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contains a single, high-gain, curved-channel 
microchannel plate (MCP) electron multiplier 
with the photocathode material deposited on, 
or mounted in proximity focus with the front 
surface. Electrodes are mounted in proximity 
focus with the output surface of the MCP to 
detect and measure the positions of the 
electron clouds generated by single photon 
events (see Figures 1 and 2). The charge 
collected on the anode electrodes is amplified 
and shaped by high-speed amplifier and 
discriminator circuits. 


Digital logic circuits respond to the 
simultaneous arrival of the shaped signals 
from several of these electrodes in each axis, 
which are arranged in groups to uniquely 
identify a x b pixels in one dimension with only a + b amplifier and discriminator circuits. In the imaging 
MAMA detector tube, two arrays are mounted in tandem with orthogonal orientations, so that the 
positions of the detected photons can be sensed in two dimensions. In this configuration (a x b) 2 pixels 
can be uniquely identified with only 2 x (a + b) amplifier and discriminator circuits. Titus, a (1024 x 
1024)-pixel array, for example, requires a total of only 128 amplifier and discriminator circuits. The two 
layers of anode electrodes in the imaging arrays are insulated from each other by a Si0 2 dielectric layer. 
The dielectric between the upper layer electrodes is etched away to allow the low energy (-30 eV) 
electrons in the charge cloud from the MCP to be collected simultaneously on both arrays. Details of the 
latest MAMA anode-array geometries and position-encoding algorithms can be found in die literature 
(Kasle 1988 and 1989; Kasle and DeMicheli 1991). 

3. S0110 MAMA DETECTOR SYSTEMS 


j Photon 

Photocathod* 



MicroChannel 
SPIafe (MCP) 





Choree Amplify* 



Figure 1. Schematic of the imaging MAMA 
detector system. 


MULTI-ANOOC MlCnOCI'ANNCL 
row* • io*tf eo*«< •*!•«<» onud* <*•*«* 



Figure 2. Schematic showing details of the curved-channel 
MCP and the imaging multi-layer anode array used in the 
MAMA detector tubes. 


The MAMA detectors for die SUMER 
and UVCS instruments on die SOHO 
mission have a high degree of 
commonality, but also significant 
differences dictated by the scientific 
needs of die two instruments (Timodiy 
1991b). All of the detectors have 
formats of 360 x 1024 pixels and pixel 
dimensions of 25 x 25 microns 2 . The 
other key parameters are listed in 
Table 1. 

The open detector with the openable 
cover is utilized for both SUMER and 
UVCS. The purpose of the cover is to 
protect die photocathode materials and 
the high-gain MCP from 
contamination during the years of the 
instrument and spacecraft integration 
and test programs. The different 
subassemblies which make up the 
openable-cover SOHO MAMA 
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Tabic 1. Key Parameters of the MAMA Detectors for the SUMER and UVCS Instruments on 

the SOHO Mission. 



SUMER 

UVCS 


Detector A 

Detector B 

Detector 1 

Detector 2 

Pixel Formal 

360 x 1024 

360 x 1024 

360 x 1024 

360 x 1024 

Pixel Dimensions 

25 x 25 am 1 

25x25 urn 2 

25 x 25 |sm 2 

25 x 25 jim 2 

Anode Array Active Area 

9.0 x 25.6 mm 2 

9.0 x 25.6 mm 2 

9.0 x 25.6 mm 2 

9.0 x 25.6 mm 2 

MCP Active Area 

10 x 27 mm 2 

10 x 27 mm 2 

10 x 27 mm 2 

10 x 27 mm 2 

MCP Pore Size 

12 microns 

1 2 microns 

12 microns 

12 microns 

Number of Amplifiers 
(including analog output) 

105 (104+1) 

105(104+1) 

105(104+1) 

105(104+1) 

Photocathode Material 

MgF 2 and KBr 

MgF 2 and KBr 

Csl 

KBr 

Configuration 

Openable cover 

Open 

Scaled 

Openable cover 


detector system are shown in Figure 3a, and the detector block diagram is shown in Figure 3b. 

The back-up detector in the SUMER instrument is open, and does not have the openable cover in order to 
eliminate the effects of any systematic design problem in the openable cover mechanism. Great care will 
need to be taken, however, to ensure that the photocathodes and the MCP in this detector are not 

contaminated during the prclaunch integration 
and test programs. 


Acluutor Electronics Detector Head Assembly 



(b) 


Figure 3. Openable-cover SOHO MAMA detector 
system, (a) System subassemblies, (b) System block 
ri in pram. 


Both of the SUMER detectors employ a dual 
photocathode structure. Two photocathode 
materials are deposited on the front face of the 
curved-channel MCP: KBr for a high 
quantum efficiency at wavelengths between 80 
and 160 nm, and MgF 2 for both a high 
quantum efficiency at wavelengths between 40 
and 80 nm and also to provide rejection of 
radiation at, and around, the wavelength of the 
strong H Lyman a 121.6 nm emission line. 

The UVCS MAMA sealed detector, designed 
to observe scattered H Lyman a 121.6 nm 
radiation from the solar corona, has a MgF 2 
window and a Csl photocathode deposited on 
the front face of the MCP. The sealed detector 
is sensitive to radiation in the wavelength band 
from 113 to > 135 nm. Because ,of the optical 
9 configuration of the UVCS spectrometer, the 
I sealed UVCS MAMA tube must have a thin 
"wafer” configuration, with the distance from 

{ the front surface of the MgF 2 window to the 
Csl photocathode being no more than 7 mm. 

The second UVCS MAMA detector, which is 
open with an openable cover and is identical 
in configuration to the SUMER MAMA 
detector, is used to observe radiation at shorter 
wavelengths. This detector has a KBr 
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and also increases the dynamic range of the detector by a factor of four, since each quadrant works as an 
independent detector system. 

The key characteristics of the STIS detector are listed in Table 2. 


Recently the STIS instrument has 
been forced to dcscope and the (1024 
x 1024)-pixel MAMA detector 
system (see Figure 4), which we 
have fabricated as a precursor to the 
fabrication of the (2048 x 2048)- 
pixel system, is now baselined for 
this instrument. Imaging tests with 
prototype versions of these detectors 
are now underway, and preparations 
are being made for the flight of a 
(1024 x 1024)-pixel detector system 


Table 2. Key Characteristics of the MAMA Detectors for STIS. 

Pixel Formal: 

2048 a 2048 (4 x 1024 x 1024) 

Pixel Dimensions: 

25 x 25 microns 2 

Anode Array Acuve Area: 

5 1.2 x 51.2 mm 2 

MCP Active Area: 

52 x 52 mm 2 

MCP Pore Size: 

10 microns 

Number of Amplifiers: 
(including analog output) 

529 ([4 x 1321 + 1) 

Photocalhode Materials: 

Csl and Cs 2 Te 


on a sounding rocket in November 1991. 


5. FUSE HYMAN MAMA DETECTOR SYSTEM 


The prime EUV spectrograph of the FUSE instrument employs an aspheric concave diffraction grating in a 
Rowland circle mounting. Accordingly, the detector for this spectrograph must have a long rectangular 
format to cover the spectral range from 90 to 120 nm, with a required spectral resolution (klA\) of 30,000. 
In addition, the pixel size must be smaller than 25 microns in order to obtain the required spectral 
resolution in a spectrograph with a size compatible with the limitations of the Explorer-class FUSE 
payload. The Phase A concept for the MAMA detector system is a (728 x 8096)-pixel detector composed 
of four contiguous (728 x 2024)-pixel arrays, each with 22 x 16 microns 2 pixels. The proposed 
configuration is shown in Figure 5, and the key characteristics of the detector are listed in Table 3. 

In order to validate the smaller pixel size in the MAMA detector system as part of the FUSE Phase A 
study, two (224 x 960)-pixel MAMA detector tubes with pixel dimensions of 14 x 14 microns 2 were 
fabricated (see Figure 4). The high-gain curved-channel MCP used with this array employs 8-micron- 
diameter channels on 10-micron centers. Images of test targets taken with this detector system have 



Figure 5. Schematic of proposed FUSE MAMA detector composed of four contiguous (728 x 2024)-pixel 
arrays with 22 x 16 microns 2 pixels. 
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demonstrated the theoretical spatial 
resolution of 14 microns. Further 
evaluations of this detector system in 
the open-structure mode at 
wavelengths below 120 nm will be 
undertaken later this year, using our 
toroidal grating imaging EUV 
spectrograph. High-resolution 
images will also be recorded with the 
visible-light detector tube in the 
laboratory and at ground-based 
telescopes using the new decode 
ASIC chip in order to determine if 
the resolution can be further improved to the theoretical limit of 10 microns set by the channel spacing of 
the MCP. 

6. IMAGING TESTS WITH THE MAMA DETECTOR SYSTEMS 

The visible-light versions of the MAMA detector systems are being used in conjunction with our speckle 
camera in an ongoing program of speckle interferometry and speckle imaging at ground-based telescopes. 
The MAMA has a unique capability to identify the time of arrival of each detected photon to an accuracy 
significantly better than a microsecond. The pulse-pair resolution of the custom ASIC decode chip is 
better than 160 ns, and the temporal resolution of our time-tag system used for ground-based observations 
is currently set at 10 ps. The results of deconvolving the images of unresolved binary stars are shown in 
Figure 6. The advantage of taking this type of data with the MAMA detector system is that the integration 
time can be optimized for the maximum signal-to-noise ratio during the data-reduction phase of the 
program, rather than during the observing time at die telescope. A plot of the dependence of the signal-to- 
noise ratio on the integration time is shown in Figure 7. 


Table 3. Key Characteristics of the MAMA Detector forFUSK/fyman. 

Pixel Formal: 

728 * 8096 (4 x 728 x 2024) 

Pixel Dimensions: 

22 x 16 microns 2 

Anode Array Active Area: 

16.0 x 32.4 mm 2 (x 4) 

MCP Active Area: 

17 x 33 mm 2 (x 4) 

MCP Pore Size: 

8 microns 

Number of Amplifiers: 
(including analog output) 

577 ((4 x 144] + 1) 

Pholocalhodc Material: 

Kflr 


An ultraviolet image of the galaxy NGC 4449 recorded on die last flight of the NASA Goddard Astronomy 



Figure 6. Deconvolved images of unresolved binary stars recorded with the MAMA detector in the time- 
tag mode. 
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Sounding Rocket Payload (ASRP), is shown 
in Figure 8. Again, the time-tag mode of 
recording data was used to produce this 
image and to correct for the effects of the 
drifts of the sounding rocket pointing 
system. 

As described recently by Kasle (1989) and 
Kasle and De Micheli (1991), the new 
custom decode ASIC chip enables us to use 
more sophisticated algorithms for decoding 
the positions of the detected photons. In this 
way, it is possible to double the resolution of 
the existing 25-micron pixel and 14-micron 
pixel MAMA detector systems, provided 
that the center-to-center spacing of the 
channels in the curved-channel MCP is 
small enough. The first tests of this 
technique have been recently undertaken, 

using one of the (360 x 1024)-pixel SOHO breadboard detector systems with 25 x 25 microns 2 pixels. The 
improvement in resolution using the new high-resolution decode algorithm can be seen in the images of a 
US Air Force test target shown in Figure 9. The measured spatial resolution of this system increased from 
25 microns to 16 microns FWHM, which is close to the theoretical limit of 15 microns expected from the 
spacing of the channels in the curved-channel MCP. Further detailed tests of this high-resolution system 
are now continuing, with particular emphasis on the stability of the high-resolution imaging point-spread- 
function as functions of both time and signal level. On the basis of these measurements, we can now 
foresee the use of MAMA detector systems with spatial resolutions as high as 7 to 8 microns, provided that 
curved-channel MCPs with channel diameters of 6 microns or less can be successfully fabricated. 


Cirrus v. No-Cirrus Signal-to-Noise, SAO 14S065 



Frame Integration Time (ms) 


Figure 7/ Dependence of the signal-to-noisc ratio of 
the speckle data on the integration time used to bin 
the limc-Lag data stream. 



Figure 8. Image of the starburst irregular galaxy NCC 4449 in the wavelength range from 125 to 170 nm 
recorded with a (256 x 1024)-pixe! MAMA detector system on the NASA Goddard Astronomy Sounding 
Rocket Payload. The image has been corrected for drifts in the rocket attitude control system using the 
MAMA time-lag data stream. 
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Low Resolution (2x Magnification) 


High Resolution 




Figure 9. Normal-resolution image of groups 2 through 7 of a US Air Force lest target and a liigli- 
rcsolution image of the same target recorded with a SOHO MAMA breadboard detector system. 
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Abstract 


A h 1 gh -e f 1 1 c i ency , extreme ultraviolet (EUV) imaging spectrometer has been con- 
structed and tested. The spectrometer employs a concave toroidal grating illuminated at 
normal incidence in a Rowland circle mounting and has only one reflecting surface. The 
toroidal grating has been fabricated by a new technique employing an elastically 
deformable sub-master grating which Is replicated in a spherical form and then mechanically 
distorted to produce the desired aspect ratio of the toroidal surface for stigmatic 
imaging over the selected wavelength range. The fixed toroidal grating used in the 
spectrometer is then replicated from this surface. Photographic tests and Initial photo- 
electric tests with a two-dimensional, pulse-counting detector system have verified the 
image quality of the toroidal grating at wavelengths near 600 A. The basic designs of 
two instruments employing the spectrometer for astrophysical investigations in space are 
described, namely, a high-resolution EUV spectrohel i ometer for studies of the solar chromo- 
phere, transition region, and corona; and an EUV spectroscopic telescope for studies of 
non-solar objects . 


Introducti on 


The extreme ultraviolet (EUV) spectral region at wavelengths below ^ 1200 A is of 
critical importance for studies of dynamic phenomena in the outer atmospheres of the sun 
and other stars. In addition, observations at these wavelengths can provide unique 
astrophysical data on dynamic phenomena in planetary atmospheres and magnetospheres, on 
the exchange of matter and energy between stars and the Interstellar medium, on the 
variations of light element abundances in the galaxy and on the dynamics of the hot inter- 
stellar gas in galactic haloes. Because of the lack of window materials and of high- 
reflectivity optical surfaces at these wavelengths, practical systems for imaging and 
spectroscopy must employ open-structure detector systems and a minimum number of 
reflecting surfaces. The recent development of high-resolution Imaging detector systems 
which can operate with high efficiency at EUV wavelengths has stimulated the design of 
optical systems which can provide a stigmatic spectroscopic capability. These imaging 
spectrometer systems can provide the simultaneous spectral, spatial and temporal 
resolutions required for many scientific observations that have not been previously 
possible. In this paper we describe the fabrication and the results of initial tests of a 
toroidal diffraction grating for use in an imaging EUV spectrometer at wavelengths between 
300 and 1200 A. 
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Spectrometer Design 

The design of the spectrometer was stimulated by the need for h i gh-t i me-resol ut i on 
observations of the solar corona with a high spectral resolution (A / a x ^ 2 x 10 4 ) and a 
spatial resolution of 1 arc second or better. 1 The configuration of the spectrometer 
mounting is shown in Figure 1. 



( ROWLAND CIRCLE) 

Figure 1. Schematic of the imaging EUV spectrometer employing a single toroidal grating. 

Exact stigmatic focusing is obtained at angles of diffraction * Bo , which 
are defined by equation 1. Given a sufficiently small value of Bo and some 
depth of focus, effective stigmatic focusing can be achieved between and 
somewhat beyond the two stigmatic points. 


In the conventional Rowland circle mounting, the vertical and horizontal foci from a 
spherical diffraction grating are not coincident. However, Haber? has pointed out that it 
is possible to obtain exact stigmatic focusing at two points in the spectrum by selecting 
the vertical radius of curvature R v of a toroidal grating to be smaller than its horizontal 
radius R^. As shown in Figure 1, exact stigmatic focusing can then be obtained at two 
positions in the spectrum given by: 


R v = Rh cos o cos Bp 


( 1 ) 


In a practical system where Bo 1 s small and there is some depth of focus (focal 
ratios > f/15), stigmatic focusing can be achieved between and somewhat beyond the 
two stigmatic points. 

A number of possible Imaging systems can be constructed using this mounting. As 
shown in Figure 2a, the grating can be combined with a norma 1 -i nci dence Gregorian 
telescope to produce a high-resolution EUV spectrohel iometer for h i gh-spat 1 al -resol ut 1 on 
studies of the solar chromosphere, transition region, and corona. Alternatively, as shown 
in Figure 2b, the grating can be combined with Wolter type II grazing-incidence telescope 
for a s t rophy s 1 ca 1 studies at wavelengths below 1200 A. This telescope and spectrometer 
combination can provide a high observing efficiency for studies at wavelengths down to 
about 400 A. It should, however, be noted that a simple toroidal grating will not 
provide optimum performance for focal ratios lower than about f/15. Fast systems for 
astronomical studies will need gratings in which higher order aberrations have been 
corrected . 


364 / SPIE Vol. 627 Instrumentation in Astronomy VI 11986 1 



MONITOR 


(a) 



toroidal 

DIFFRACTION 

GRATING 


(b) 

Figure 2. Schematics of telescope and imaging spectrometer systems. 

(a) Hi gh-reso 1 u t i on EUV spectrohe 1 i ometer using a Gregorian telescope 

(b) Grazing-incidence telescope and norma 1 -i nc i dence spectrometer 
combination for astrophy si ca 1 studies at wavelengths below 1200 A 


Grating Fabrication 

In order to evaluate the performance characteristics of a toroidal grating at EUV 
wavelengths, we have fabricated a toroidal replica grating using a unique fabrication 
technique developed at Marseille. This technique uses an elastically deformable grating 
which is replicated from a spherical master ruling. The ratio of the vertical and 
horizontal radii of curvature can then be set to any desired value by applying a 
distorting force to the flexible substrate. The stainless steel flexible substrate (see 
Figure 3) has a form which elastically deforms into an exact toroidal surface with the 
application of a single distorting force. The form of the substrate is described in 
reference 3. The grating, with a ruling frequency of 3600 grooves mm - *, and an active 
area of 70 x 70 mm^, was replicated onto the deformable concave substrate by Hyperfine, 
Inc.4 > from a concave spherical master ruling using an intermediate convex replicating 
surface. After the substrate had been deformed to the appropriate aspect ratio, a fixed 
concave toroidal grating was replicated from the deformable substrate again using an 
intermediate convex replicating surface. The aspect ratio of the toroid was determined in 
two ways: first, by using a Twyman-Green interferometer and second, by determining the 
angles for stigmatic imaging in the zeroth order. The characteristics of the final 
toroidal replica grating are given in Table 1. 
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(a) 


(b) 


Figure 3. (a) 3600 grooves mm"* grating replicated on an elastically deformable 

substrate. 

(b) Closeup showing the deforming actuator. 


Table 1. Characteristics of the Toroidal Replica Grating 

Substrate: Toroid on stiff blank 

Radius of curvature: 1 meter 

Toroid Aspect Ratio (R^/Ry) : 0.978 

Ruling Frequency: 3600 grooves mm‘* 

Ruled area: 70 x 70 mm 2 

First order blaze wavelength: 600 A 


Test Results 

Initial tests of the Imaging properties of the toroidal grating at EUV wavelengths 
were carried using a specially designed laboratory spectrometer. Spectral Images from a 
line of ten pinholes arranged along the entrance slit and illuminated by a low-voltage, 
low-pressure spark-discharge source were recorded on photographic film. The pinholes were 
drilled in aluminum foil with a laser and had diameters ranging from 10 to 33 microns. The 
distance between adjacent pinholes was 500 microns. The EUV spectral Images of the 
pinholes recorded on Schumann emulsion located along the Rowland circle are shown in 
Figure 4a. The stigmatic focus points are marked by arrows. 

Densitometer measurements of these photographic images showed that the spatial 
variation of the blur dimensions was essentially In agreement with that predicted from the 
ray trace analyses 2 (see Figure 4b). 
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(b) 

Figure 4. (a) Spectral Images of ten pinholes arranged along the spectrometer 

entrance slit Illuminated by a low-voltage, low-pressure spark 
source. The arrows Indicate the stlgmatlc wavelengths. 

(b) Spatial blur dimensions determined from the photographic spectra. 


Because of the difficulties asoclated with the analysis of the non-linear Intensity 
data In the photographic Images, data were also recorded at the wavelength of the He I 
resonance line at 584 A with an Imaging photoelectric detector system with a linear 
response. For these tests a dc hollow-cathode light source was employed. The photographic 
plate holder was replaced with a tetraphenyl -butadl ene phosphor mounted on the Rowland 
circle. This phosphor down-converts EUV photons Into visible-light photons with a peak 
emission near 4300 A. 5 The visible-light Images were viewed through a window in the 
vacuum tank and re-imaged and magnified by approximately a factor of three onto the photo- 
cathode of a visible-light Multi-Anode MicroChannel Array (MAMA) detector tube 6 using the 
optical system shown in the schematics In Figure 5. 
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(a) (b) 

Figure 5. (a) Schematic of the optical system for photoelectric tests of the toroidal 

grat i ng . 

(b) Detail of the re-imaging system and detector assembly. 

As shown in Figure 6, the imaging MAMA detector tube employes a bi-alkali semi-transparent 
photocathode in proximity focus with a high-gain curved-channel microchannel plate (MCP) 
and has a format of (256 x 1024)-pixels with pixel dimensions of 25 x 25 microns^. The 
two-dimensional digital images obtained from the MAMA detector in the laboratory were 
recorded on a portable data handling and display system. 
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Figure 6. 


(b) 


(256 x 1024)-pixe1 MAMA detector system. 

(a) Schematic of detector tube. 

(b) Detector head assembly. 
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A one -d 1 mens 1 onal cut through the line of ten pinholes along the entrance slit at the 
wavelength of 584 A is shown in Figure 7. A two-dimensional image showing the self- 
reversal of the He I 584 A resonance line is shown in Figure 8. Because of the low 
transfer efficiency of the phosphor and the lens system, it was only possible in these 
initial tests to record Images at the wavelength of the strong He 1 resonance line. In 
order to determine the modulation transfer function of the phosphor and the lens system 
after the EUV images had been recorded, the pinholes were attached to the phosphor and 
back-illuminated by an incandescent lamp. Deconvolution of the two sets of pinhole images 
showed that the maximum spatial blur dimensions were below 25 microns as predicted from 
the ray trace analyses. Detailed analyses of these data are currently in progress. 


368 / SPIE Vol. 627 Instrumentation in Astronomy VI 119861 




Figure 7. One-d i mensi onal image at the wavelength of the He I resonance line 
at 584 A of ten pinholes located along the spectrometer entrance 
slit. The Intensity variations are the result of the different 
pinhole diameters which range from 10 to 33 microns. 
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Figure 8. Two-dimensional Image of the sel f-re versed He I 584 A resonance line 
produced by the hollow-cathode light source. 

Summa ry 

Initial tests have shown that a single toroidal diffraction grating produced by a 
simple procedure utilizing an elastically deformable substrate has excellent Imaging 
characteristics at EUV wavelengths. More detailed tests of the imaging properties of the 
toroidal grating over a wider range of wavelengths will be undertaken shortly with an 
o pe n - s t r uc t u re version of the two-dimensional ( 256 x 1024)— pixel MAMA detector system. 
Studies will also be initiated to define ways of providing higher-order aberration 
corrections in fast systems. It now appears that diffraction gratings fabricated by this 
technique will be of use in a number of space astrophysics missions including the European 
Space Agency (ESA) Solar and Heliospheric Observatory (SOHO) and the NASA/ESA EUV spectro- 
scopic mission called Lyman . 
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Imaging extreme ultraviolet spectrometer employing a 
single toroidal diffraction grating: 
the initial evaluation 

M. C. E. Huber, J. G. Timothy, J. S. Morgan, G. Lemaitre, G. Tondello, E. Jannitti, and P. Scarin 


A high-efficiency extreme ultraviolet (EUV) imaging spectrometer has been constructed and tested. The 
spectrometer employs a concave toroidal grating illuminated at normal incidence in a Rowland circle 
mounting and has only one reflecting surface. The toroidal grating has been fabricated by a new technique 
employing an elastically deformable submaster grating which is replicated in a spherical form and then 
mechanically distorted to produce the desired aspect ratio of the toroidal surface for stigmatic imaging over 
the selected wavelength range. The fixed toroidal grating used in the spectrometer is then replicated from 
this surface. Photographic tests and initial photoelectric tests with a 2-D pulse-counting detector system 
have verified the image quality of the toroidal grating at wavelengths near 600 A. The results of these initial 
tests are described in detail, and the basic designs of two instruments which could employ the imaging 
spectrometer for astrophysical investigations in space are briefly described, namely, a high-resolution EUV 
spectroheliometer for studies of the solar chromosphere, transition region, and corona and an EUV spectro- 
scopic telescope for studies of nonsolar objects. 


I. Introduction 

The extreme ultraviolet (EUV) spectral region at 
wavelengths below ~1200 A is of critical importance 
for the diagnostics of conditions in high-temperature 
plasmas, since this region contains emission lines and 
continua characteristic of temperatures in the range 
from ~10 4 to >10 6 K. This spectral region is thus 
particularly useful for studies of dynamic phenomena 
in the outer atmosphere of the sun and other stars. In 
addition, observations at these wavelengths can pro- 
vide unique astrophysical data on dynamic phenome- 
na in planetary atmospheres and magnetospheres, on 
the exchange of matter and energy between stars and 
the interstellar medium, on the variations of light ele- 
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ment abundances in the galaxy, and on the dynamics of 
the hot interstellar gas in galactic halos. 

Because of the lack of window materials and of high- 
reflectivity optical surfaces at these wavelengths, prac- 
tical systems for imaging and spectroscopy must em- 
ploy open-structure detector systems and a minimum 
of reflecting surfaces. The recent development of 
high-resolution imaging detector systems which can 
operate with high efficiency at EUV wavelengths has 
stimulated the design of optical systems which can 
provide a stigmatic spectroscopic capability. These 
imaging spectrometer systems can provide the simul- 
taneous spectral, spatial, and temporal resolutions re- 
quired for many scientific observations that have not 
been previously possible. In this paper we describe 
the fabrication and results of initial tests of a toroidal 
diffraction grating for use in an imaging EUV spec- 
trometer at wavelengths between 300 and 1200 A. 

II. Spectrometer Design 

The design of the spectrometer was stimulated ini- 
tially by the need for high-time-resolution observa- 
tions of the solar chromosphere, transition region, and 
corona with a high spectral resolution (A/AA ~ 2 X 10 4 ) 
and a spatial resolution of 1 sec of arc or better. 1 The 
basic configuration of the spectrometer mounting is 
shown in Fig. 1(a). 

In the conventional Rowland circle mounting, the 
vertical and horizontal foci from a spherical diffraction 
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( ROWLAND CIRCLE) 
(a) 



(b) 

Fig. 1. (a) Schematic of the imaging EUV spectrometer employing 

a single toroidal grating. Exact stigmatic focusing is obtained at 
angles of diffraction ±/3o. which are defined by Eq. (1). Given a 
sufficiently small value of do and some depth of focus, effective 
stigmatic focusing can be achieved between and somewhat beyond 
the two stigmatic points, (b) Isometric display of the imaging 
properties at the two stigmatic points Ido- 

grating are not coincident. However, Haber 2 has 
pointed out that it is possible to obtain exact stigmatic 
focusing at two points in the spectrum by selecting the 
vertical radius of curvature R v of a toroidal grating to 
be smaller than its horizontal radius Rh . As shown in 
Fig. 1(a), exact stigmatic focusing can then be obtained 
at two positions in the spectrum given by 

■ Rf, cost* cosdo- (1) 

The two stigmatic points are located symmetrically 
to the grating normal at the angles of diffraction ±0o, 
as shown in Fig. 1(a). An isometric display of the 
imaging properties of the two stigmatic points is shown 
in Fig. 1(b). 

In a practical system where /?o is small and there is 
some depth of focus (moderate speed systems with 
focal ratios <// 15), stigmatic focusing can be achieved 
between and somewhat beyond the two stigmatic 
points with a simple toroidal surface. Ray tracing 
studies 1 have shown for a 3600-groove mm -1 grating 
with a radius of curvature of 2000 mm, blur sizes of 
significantly <40 nm can be obtained over an effective 




(b) 

Fig. 2. Schematics of telescope and imaging spectrometer systems: 
(a) high-resolution EUV spectroheliometer using a Gregorian tele- 
scope; (b) grazing-incidence telescope and normal-incidence spec- 
trograph combination for astrophysical studies at wavelengths be- 
low 1200 A. 


wavelength range of >100 A. However, for higher 
speed systems (//10 or faster), which will be required 
for astrophysical studies, corrections for higher-order 
aberrations are required. 3 

A number of high-efficiency EUV imaging spectro- 
graphic systems can be constructed using this type of 
diffraction grating. For example, as shown in Fig. 
2(a), the toroidal grating spectrograph can be com- 
bined with a normal-incidence Gregorian telescope to 
produce a high-resolution EUV spectroheliometer for 
high-spatial-resolution studies of the solar chromo- 
sphere, transition region, and corona. Alternatively, 
as shown in Fig. 2(b), the toroidal grating spectrograph 
can be combined with a Wolter type II grazing-inci- 
dence telescope for astrophysical studies at wave- 
lengths below 1200 A. 

III. Grating Fabrication 

To evaluate the performance characteristics of a 
toroidal grating at EUV wavelengths, we fabricated a 
toroidal replica grating using a unique technique de- 
veloped by Lemaitre. 4 This technique uses an elasti- 
cally deformable grating which is replicated from a 
spherical master ruling. The ratio of the vertical and 
horizontal radii of curvature can then be set to any 
desired value by applying a distorting force to the 
flexible substrate. The stainless steel flexible sub- 
strate (see Fig. 3) has a form which elastically deforms 
into an exact toroidal surface with the application of a 
single adjustable distorting force. 5 The grating, with a 
ruling frequency of 3600 grooves mm -1 , and an active 
area of 70 X 70 mm 2 was replicated onto the deforma- 
ble concave substrate by Hyperfine, Inc., 6 from a con- 
cave spherical master ruling using an intermediate 
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Fig. 3. (a) 3600 grooves mm -1 grating replicated on an elastically 
deformable substrate; (b) close-up showing the deforming actuator 
(a differential micrometer). 


convex replicating surface. A radius of curvature of 
1000 mm was selected for the initial grating for conve- 
nience in laboratory testing. After the substrate had 
been deformed to the appropriate aspect ratio, a fixed 
concave toroidal grating was replicated from the defor- 
mable substrate, again using an intermediate convex 
replicating surface. The way in which the forces are 
applied to the deformable substrate is shown in Fig. 4. 

The aspect ratio of the toroidal surface was deter- 
mined in two ways: first, by using a modified laser- 
illuminated Martin- Watt- Weinstein version of the 
Twyman-Green interferometer 7-9 and, second, by de- 
termining the angle for stigmatic imaging in the zeroth 
order. The setup of the modified Martin-Watt- Wein- 
stein interferometer with unequal path lengths is 
shown in Fig. 5(a). The reference surface was a con- 
cave spherical mirror with a radius of curvature of 400 
mm. If the grating were spherical, the wavefronts 
from both the reference and grating surfaces would be 
identical (spherical) producing a uniform illumination 
in the recombined beam. When the grating figure is 
toroidal, a saddle surface is superimposed on the 
sphere, and, accordingly, fringes exhibit a saddle path 
in the recombined beam over the projection of the test 
surface. The maximum deviation of the grating sur- 



Fig. 4. Form of the elastically deformable substrate. Forces are 
applied at the indicated points. 


face from a sphere occurs in the directions where there 
are the greatest number of fringes from the center to 
the edge. In these directions the difference in height 
between the toroid and the reference sphere is equal to 
(lVX)/2, where N is the number of fringes from the 
center to the edge and \ is the wavelength of the laser 
(6325 A). The total deviation A across the complete 
toroidal surface is then given by A = (2NX)/2, where 


4 


with a the halfwidth of the grating and R the mean 
radius of curvature of the grating. 

The aspect ratio R u /Rh is then determined from 




1 + fl A 
a 


a — flA 
a + RA 


( 2 ) 


The second measurement technique is shown in the 
schematic in Fig. 5(b). Since from Eq. (1), 

R 0 

_ = cosa cosdo, (3) 

it follows that for the symmetrical case of stigmatic 
imaging in zeroth order, where a — do = 7. 
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Fig. 5. (a) Schematic of the modified Martin-Watt-Weinstein in- 

terferometer for the determination of the aspect ratio of the toroidal 
grating surface, (b) Schematic showing the zeroth-order technique 
for measurement of the aspect ratio of the toroidal grating surface. 


Table I. Desired Characteristic* ol the Teal Toroidal Dlllracllon Grating 


Wavelengths and angles of rays 
Stigmatic wavelength range 
Angle of incidence n 
Wavelength on grating normal (0 
Wavelength at stigmatic ponts 
(0o = ±0.825°) 


620-630 A (first order) 
11.947° 

0°) 575 A 

535 A, 615 A 


Grating surface 

Horizontal radius of curvature Ri, 
Vertical radius of curvature R„ 
Aspect ratio RJRh 
Ruling frequency 
Ruled area 


1011.1 mm 

989.1 mm 
0.9782 

3600 grooves mm -1 
70 X 70 mm 2 




(b) 


Fig. 6. Saddle fringe pattern produced by toroidal grating 3: 
(a) before thermal vacuum test; (b) after thermal vacuum test. 


wo J • \ 

n h 

The angle of reflection y is determined by measuring 
the position of the best focus for the 1:1 image of a 
pinhole. 

The desired characteristics of the grating for imag- 
ing at wavelengths near 600 A are given in Table I. 
Three toroidal replica gratings have been fabricated to 
date. The symmetry of the toroidal surface was excel- 
lent in all cases as shown by the uniformity of the 
classic saddle fringe pattern (see Fig. 6). Since toroi- 
dal gratings have been identified for possible use on 
the ESA/NASA Solar and Heliospheric Observatory 
(SOHO) mission and the Lyman EUV Spectroscopic 
Explorer mission, the grating wa9 subjected to a ther- 
mal vacuum test over the temperature range from —20 
to +40°C. No change in the aspect ratio was observed, 
as can be seen from a comparison of Figs. 6(a) and (b). 
The estimated uncertainty of these measurements was 
less than ±1 fringe. 

The results from both measurement techniques 
agreed to within the experimental error. The first 
grating received from Hyperfine, Inc. had too low an 
aspect ratio of 0.9892, which would produce stigmatic 
images on the normal at wavelengths near 410 A when 
used at an angle of incidence of 8°. 43. However, the 
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Fig. 7. (a) Spectral images of ten pinholes ar- 
ranged along the spectrometer entrance slit illumi- 
nated by a low-voltage low-pressure spark source. 
The arrows indicate the stigmatic wavelengths, 
(b) Spatial blur dimensions (with estimated uncer- 
tainties) as determined from the photographic 
spectra, shown in comparison with the ray-tracing 
results. 


second and third replicas were essentially identical 
with aspect ratios of 0.9809 close to the desired value of 
0.9782. The reasons for the lower than expected as- 
pect ratios are currently being investigated with Hy- 
perfine, Inc. At an angle of incidence of 11°. 2 the 
wavelength on the grating normal is 540 A, and an 
acceptable imaging performance over the wavelength 
range from 520 to 630 A was obtained by slightly 
changing the angle of incidence. 

IV. Test Results 

Initial tests of the imaging properties of the toroidal 
grating at EUV wavelengths were carried out using a 
specially designed laboratory spectrometer. First, 
spectral images from a line of ten pinholes arranged 
along the entrance slit and illuminated by a low-volt- 
age low-pressure spark-discharge source were record- 
ed on photographic film. The pinholes were drilled in 
aluminum foil with a laser and had diameters ranging 
from 10 to 33 ^m. The distance between adjacent 
pinholes was 500 jim. The EUV spectral images of the 
pinholes recorded on Schumann emulsion located 
along the Rowland circle are shown in Fig. 7(a). The 
stigmatic focus points are marked by arrows. Densi- 
tometer measurements of these photographic images 
show that the spatial variation of the blur dimensions 
agrees with that predicted from the ray trace analyses 1 
[see Fig. 7(b)]. 

Because of the difficulties associated with the analy- 
sis of the nonlinear intensity data in the photographic 
images, data were also recorded at the wavelength of 
the He I resonance line at 584 A with an imaging 
photoelectric detector system having a linear response. 
For these tests a dc hollow-cathode light source was 
employed. The photographic plate was replaced with 
a tetraphenyl-butadiene phosphor applied to a glass 
plate mounted on the Rowland circle. This phosphor 


PHOSPHOR 



LAMP 

(a) 

RE-IMAGING 



Fig. 8. (a) Schematic of the optical system for the initial photoelec- 
tric tests of the toroidal grating, (b) Detail of the reimaging system 
and detector assembly. 

downconverts EUV photons into visible-light photons 
with a peak emission near 4300 A . 10 The visible-light 
images were viewed through a window in the vacuum 
tank and reimaged and magnified by a factor of ~3 
onto the photocathode of a visible-light multi-anode 
microchannel array (MAMA) detector tube 11 using the 
optical system shown in the schematics in Fig. 8. 

As shown in Fig. 9(a), the imaging visible-light 
MAMA detector tube employs a bialkali semitrans- 
parent photocathode in proximity focus with a high- 
gain curved-channel microchannel plate (MCP) and 
has a readout anode array of precision electrodes to 
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(b) 

Fig. 9. (256 X 1024)-pixel MAMA detector system: (a) schematic 
of detector tube; (b) detector head assembly. 


produce a format of 256 X 1024 pixels with pixel di- 
mensions of 25 X 25 Min 2 . The complete detector head 
assembly is shown in Fig. 9(b). Details of the readout 
array have been described recently by Timothy. 12 
The detector operates as a pulse-counting system with 
zero readout noise. The dark count from the bialkali 
photocathode at room temperature was of the order of 
5 counts s _1 for the whole array. For these measure- 
ments a set of pinholes with separations of 250 pm was 
employed. The magnifying optics gave an effective 
spatial resolution for each detector pixel of ~8 fin l on 
the Rowland circle of the spectrograph. The 2-D digi- 
tal images obtained from the MAMA detector in the 
laboratory were recorded on a portable data handling 
and display system. 

A 1-D cut through the line of ten pinholes along the 
entrance slit at the wavelength of 584- A resonance line 
is shown in Fig. 10. Because of the low transfer effi- 
ciency of the phosphor and the lens system, it was only 
possible in these initial tests to record images at the 
wavelength of the strong He I resonance line. To 
determine the modulation transfer function of the 
phosphor and the lens system after the EUV images 
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Fig. 10. One-dimensional image at the wavelength of the He 1 
resonance line at 584 A of ten pinholes located along the spectrome- 
ter entrance slit. The different pinhole diameters (ranging from 10 
to 33 nm) result in different peak intensities. 



PIXEL NUMBER 
(a) 



Fig. 11. (a) Comparison of the pinhole and phosphor image profile 
with the image from the complete optical system including the 
diffraction grating. Solid line, pinhole and phosphor profile; 
dashed line, profile recorded with the toroidal grating, (b) Compar- 
ison of convolved pinhole image with the image from the toroidal 

grating. 

had been recorded, the pinholes were attached to the 
phosphor and backilluminated by an incandescent 
lamp. The two image profiles are shown in Fig. 11(a). 
Convolution of the two sets of images show that the 
maximum spatial blur dimensions introduced to the 
toroidal grating are below 25 as predicted from the 
ray trace analyses. The convolved image of the pin- 

ORIGINAL PAGE !S 
OF POOR QUALITY 




ORIGINAL PAGE IS 

OF POOR QUALITY 



- 

•r 

- • 


' • 

m 


*• 

• +■ 

t* 

♦ # 

♦ 

• 0 


• * 




Fig. 12. Spectral images of the ten pinholes showing the self-rever- 
sal of the He I 584-A resonance line with different gas pressures in 
the light source. Left, low gas pressure; right, high gas pressure. 
Good imaging is achieved although the line of pinholes is skew with 
respect to the normal to the plane of dispersion. 




Fig. 13. Spectral images from one pinhole showing the width and 
depth of the self-reversal of the He 1 584-A resonance line: (a) low 
gas pressure; (b) high gas pressure. 


hole image compared with the grating image is shown 
in Fig. 11. On a root-sum-square basis the spatial 
aberrations introduced by the grating at this wave- 
length are calculated to be ~16 jim (FWHM). 

Two-dimensional images recorded with the MAMA 
detector showing the self-reversal of the He I 584-A 
resonance line for two different gas pressures in the 
light source are shown side by side in Fig. 12. The 
difference in the linewidths for one of the pinhole 
images when the hollow cathode lamp is run at low and 
high gas pressures is shown in Fig. 13. The measured 
difference in the linewidths is 0.14 A (FWHM). As the 
depth and width of the self-reversal are not known the 
spectral resolution could not be determined in these 
tests. An estimate of the saturated self-reversed part 
of the profile leads to a width of 19 mA, corresponding 
to ~7 n m on the Rowland circle. Zero intensity in the 
self-reversed part of the line profile would not be ex- 
pected, given the calculated aberrations and measured 
modulation transfer of the phosphor-lens system. 

V. Summary 

Initial tests have shown that a single toroidal diffrac- 
tion grating produced by a simple procedure utilizing 
an elastically deformable substrate has excellent imag- 
ing characteristics at EUV wavelengths. More de- 
tailed tests of the imaging properties of the toroidal 
grating over a wider range of wavelengths will be un- 
dertaken shortly with an open-structure version of the 
2-D (256 X 1024)-pixel MAMA detector system, using 
a laboratory spectrograph which is now under con- 
struction at the University of Padua. Studies have 
also been initiated to define ways of providing correc- 
tions for higher-order aberrations in fast systems (// 10 
of lower), using an elastically deformable substrate 
with a more complex configuration. 
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1. INTRODUCTION 

The demands for the high spatial, spectral, and temporal resolution that are required to 
address many problems in astrophysics have stimulated the development of imaging detector 
systems and of optical systems which can simultaneously provide spectral and spatial informa- 
tion. At EUV wavelengths, which are of critical importance for the study of high-temperature 
plasmas, the lack of window materials and high reflectivity optical surfaces require the use of 
open-structure detector systems and a minimum number of rellccting surfaces. In this paper 
we describe the results of the first tests of an imaging EUV spectrometer employing a single 
concave toroidal diffraction grating and a two-dimensional pulse-counting MAMA detector sys- 
tem utilized in an open-structure configuration. The imaging characteristics of the spectrograph 
are determined primarily by the performance of the toroidal grating which was fabricated by a 
unique technique employing an elastically-deformable substrate. 

Initial tests of the grating were made in a laboratory spectrograph using photographic film. 
Subsequent tests were made using an imaging visible-light MAMA detector coupled to a 
down-converting EUV-to-visible phosphor screen. The results of these measurements were 
reported in Huber et al. (1988a). Both of these measurements indicated that the toroidal grat- 
ing produced stigmatic imaging over the desired wavelength range, but the results from these 
tests were limited by deficiencies in the experimental instrumentation. The nonlinearity of the 
photographic film made it difficult to properly estimate the blur size of a point source image, 
and in the second series of measurements the blur in the image was dominated by the transfer 
function of the down-converting phosphor rather than aberrations from the grating. Conse- 
quently, although we were able to demonstrate that the grating had good imaging characteris- 
tics, we were not able to determine the ultimate performance of the grating. In this paper we 
present the first measurements taken with instrumentation designed to overcome these past 
deficiencies. The down-converting phosphor screen has been removed by the use of a specially 
designed spectrometer built at the University of Padua which was coupled to an open-structure 
MAMA detector system. 
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2. SPECTROMETER CONFIGURATION 

The design of the imaging spectrometer was stimulated initially by the need for high- 
temporal-resolution observations of the solar chromosphere, transition region and corona with 
high spectral resolution (X/AX = 2 x 10 4 ) and a spatial resolution of l"or better (Huber and 
Tondello 1979). The basic configuration of die spectrometer is shown in Figure 1. In the con- 
ventional Rowland circle mounting, the vertical and horizontal foci from a spherical diffraction 
grating are not coincident. Exact stigmatic focusing can, however, be obtained at two points in 
the spectrum by selecting the vertical radius of curvature, R v , of a toroidal gradng to be 
smaller than the horizontal radius, R h (Haber 1950; Cash 1984). The two stigmatic points are 
located symmetrically to the grating normal at the angles of diffraction ±p 0 given by: 

R w = R h cosa cosPo (1) 

where a is the incidence angle of light on the grating. In a system where p 0 is small and the 
focal ratio is of the order of f/15 or slower, stigmatic focusing can be achieved with a toroidal 
grating between and somewhat beyond the two stigmatic points. However, for higher speed 
systems (f/10 or faster), corrections for higher-order aberrations are required (e.g., Cash 1984). 
In order to evaluate a system of this type, we have fabricated toroidal replica gratings using a 
unique technique developed by Lemaitre (1978) which employs an elastically deformable sub- 
strate. Descriptions of the fabrication technique and of the first laboratory test results are given 
in Huber et al. (1988a). Equation (1) shows that the spectral region over which stigmatic 
focusing is achieved is determined by R v /R h , the aspect ratio of the grating, and by a. The 
grating equation 

m X. = d (sina - sinP) (2) 

with the diffraction angle P set to zero shows that ot also determines the central wavelength on 
the detector. For a toroidal grating spectrometer it is therefore necessary to select a 
wavelength interval of interest over which a and the grating aspect ratio are matched to give 
stigmatic imaging. The central wavelength on the detector increases with a, but the size of the 
stigmatic interval determined by Po decreases with a. We define the incidence angle a™ to be 
where p 0 = 0 and cosot^, = RJR^. As a increases to and beyond a m , stigmatic focus is 
achieved only on the grating normal. p 0 varies rapidly with a when a = a,,,. The maximum 



Figure 1 — The focal properties of a toroidal grating are shown. The best focus is achieved on the Row- 
land circle al the two stigmatic points. Image degradation between and just beyond these points is slight 
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width of the stigmadc interval is limited by the speed of the grating. Faster speeds require 
smaller stigmadc intervals. For most pracucal spectrometers the size of p 0 will be constrained 
to be small enough so that using a m in equadon (2) with [i = 0 will give an excellent approxi- 
madon to the center of die sdgmadc interval. 

Table 1 shows the design specifications that were initially set for die toroidal gradng as 
well as the gradng characterisdcs that were actually achieved. The grating specifications were 
chosen to allow measurements of the He I 584 A resonance line near one of the gradng’s stig- 
madc points. For our inidal tests, three gratings were fabricated by Hyperfine, Inc. of Boulder, 
Colorado. Measurements on the first gradng fabricated showed an aspect ratio of 0.9892, 
which was too high and would have limited die stigmadc interval to wavelengths centered near 
407 A. The second and third replica gratings had idenucal aspect ratios of 0.9809, close to die 
desired value of 0.9782. These gratings have sdgmadc intervals centered near 540 A. 

TABLE 1 — Desired and Actual Grating Characteristics 


Grating Parameter 

Desired Value 

Actual 

Value 

Stigmatic wavelength range 

520-630 A (1st order) 

520-630 A 

Angle of incidence a 

11.947° 

11.2° 

Wavelength of grating 
normal (P = 0°) 

575 A 

540 A 

Wavelength of stigmatic poinLs 

528, 622 A 

510, 570 A 

Horizontal radius of curvature R h 

1011.1 mm 

1011.1 mm 

Vertical radius of curvature R , 

989.1 mm 

991.8 mm 

Aspect ratio RjRt, 

0.9782 

0.9809 

Ruling frequency 

3600 lines nnn 1 

3600 lines mm 1 

Ruled area 

70 x 70 mm 2 

70 x 70 mm 2 


Figure 2 shows a schematic of our vacuum spectrometer. A water-cooled, hollow-cathode 
source illuminates die entrance aperture which consisted of a row of circular pinholes with 



Figure 2 — A schemadc of the vacuum spectrometer used to obtain our measurements. The grating is 
movable along the 1 m diameter Rowland circle in order to set the incidence and emergence angles. 
Focus is set by moving the grating along the pivot arm. 
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diameters ranging between 19.2 and 22.5 pm. The pinhole centers were separated by 250 pm. 
The row of pinholes ran perpendicular to the plane of Figure 2 and intersected this plane on 
the Rowland circle. The MCP of a windowless MAMA detector was also positioned on the 
Rowland circle. The detector used has 25 pm square pixels in a 256 x 1024 format. The long 
dimension of the detector’s image plane ran in the direction of spectral dispersion, i.e. parallel 
to the Rowland circle. Details of the construction and operation of MAMA detectors can be 
found in Timothy (1986). A pivot arm in the spectrometer allows the grating to be moved 
along the Rowland circle. The spectrometer is focused by moving the grating along the pivot 
arm. 

One purpose of the initial tests of the spectrometer was to calibrate the incidence and 
diffraction angles (a and (5) as a function of the grating’s position settings. These were not 
known a priori owing to uncertainties in the detector mounting flange. Equation (2) shows that 
observing a spectral line of any known wavelength serves to define the difference 
(sina - sinP). If, in addition, a stigmatic point (P 0 ) can be identified by the variation of the 
blur diameters as a function of position on the detector, then both a and P may be derived. 
Measurements of p o can yield particularly accurate estimates of a and P because near a m , p o is 
a rapidly varying function of a. Differences in a of only 0.1° can change the position of the 
stigmatic points by 50 A. Since the detector covers only -70 A, this technique usually 
requires an initial search to locate the stigmatic points. 

The spectrometer was operated with a pressure of <10“® Torr in the main chamber. A 
differential pumping system on the hollow-cathode source keeps most of the lamp gas and 
cathode residual from entering the main chamber; however, gas flow through the pinholes is 
inevitable and causes pinhole blockage because of the buildup of residual cathode material 
which is entrained in the gas flow. The pinholes had to be reopened by cleaning several times 
during the course of these measurements. A vertical array of ten pinholes was used to obtain 
ten spectra simultaneously. As we will show shortly, buildup of material in the pinholes was 
partially responsible for large intensity variations between images of the various pinholes, and 
made the true diameter of a given pinhole quite uncertain for any given spectrum. 

Gas in the main vacuum chamber represents a potential danger to a functioning MAMA 
detector. High ambient pressures can cause arcing within the tube. During the course of these 
measurements the chamber was opened several times to allow adjustments of the detector 
mounting and to clean the pinholes. To allow a shorter pumping cycle-time the tube was 
operated at an unusually low MCP voltage which resulted in low and unstable gain in the 
detector. Time constraints did not permit flat fields to be recorded at the time these measure- 
ments were taken. The flat field used to normalize this spectrum was recorded in a different 
lab several weeks later. At normal MCP voltages the detector stability is sufficient for this 
procedure to be acceptable, but this was not the case at the low voltages used for these data. 

3. TEST RESULTS 

The hollow-cathode lamp on the spectrometer can be run with different noble gases. We 
have recorded spectra from He, Ne, and Ar, but here we will only discuss the results obtained 
from a single Ne spectrum. This spectrum was chosen for this initial discussion of the perfor- 
mance of the spectrograph because it shows a large number of spectral lines which are distri- 
buted throughout the image and which encompass a large range of intensities. It was also 
chosen because it was taken during a period when most of the pinholes were unblocked. We 
will see below, however, that this spectrum was not well suited for a determination of the 
optimal imaging characteristics of the spectrograph. 
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Figure 3 — A 1000 s exposure of the Nc I spectrum. The enhance aperture consisted of 10 cqui-spaccd 
pinholes. Each horizontal stripe is the Nc I spectrum imaged through a single pinhole. The dispersion 
runs in the horizontal direction; wavelength increases Irom lull to right starting at about 560 A and near 
630 A. The second pinhole from Uic top was blocked at the time of this exposure. 

Figure 3 shows an image of a 1000 s exposure of the Ne I spectrum. The horizontal axis 
of the figure is in the direction of spectral dispersion and the vertical axis is parallel to the spa- 
tial dimension. Each horizontal stripe is the spectrum from a single pinhole. For reference we 
number the pinholes starting with pinhole 1 at the top of Figure 3. Pinhole 2 (the second from 
the top) was blocked at the time of this exposure. Wavelengths increase from left to right in 
the image. The lookup table used in this display was chosen to emphasize the low-intensity 
emissions. This look-up table does not vary linearly with input intensity and results in a 
decreased contrast between die bright emissions at the right of the figure and those seen else- 
where. 

Flat field corrections have lieen applied to these data. A wavy pallet n of alternating high 
and low columns may be seen in the low intensity background light on die right side of 
Figure 3. This pattern is die result of improper flat field corrections owing to the problems 
discussed in Section 2. Errors in the flat field corrections arc much less severe on the left side 
of die detector owing to gain variations across the MCP. Such errors lead to large uncertain- 
ties in the relative intensities of the spectral lines measured at wavelengths longward of 615 A. 
The spatial structure in the measured background light caused by die errors in the flat field 
corrections shows that die errors are most severe in the spectral dimension. To first order they 
inhibit only our attempts to esdmate the spectral resoludon of die spectrograph. 

Figure 4 shows the spectrum obtained by averaging the signal from pinholes 7 through 10 
from the array. The inset in Figure 4 shows die weak emissions on the left side of the detector 
with an expanded scale. Nearly all of die small scale structure seen in die inset is real. The 
lines labeled in the spectrum are not die only identified lines. Only 6 of the 42 Ne I lines 
listed to be in this wavelength interval by Kelly and Palumbo (1973) are missing from die 
spectrum. All of the missing lines are of weak intensity. Emissions from elements other than 
Ne are clearly present. The two strong lines between 615.63 A and 618.67 A are possibly 
from O II. Many of the weak lines, like that at 593.96 A, are as yet unidenufied. 

The spectrograph dispersion was measured from the known wavelengths of the idendfied 
Ne I lines and was found to agree with the theoretically calculated value to within 0.25%. 
Based on a ruling frequency of 3600 lines mm -1 and a focal length of 1011.1 mm, a dispersion 
of 69.8 mA pixel -1 is expected. The dispersion derived from a linear fit to die wavelengths of 
the Ne I lines was 70.0 mA pixel -1 . For this combination of grating and detector, fits of higher 
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Figure 4 — The spcclmm obtained by averaging llic bottom four pinholes shown in Figure 3. The inset 
shows the weak emissions between 570 and 603 A with an expanded scale. The lines labeled arc not all 
of those that have been identified. Errors in the Hat field corrections applied to these data make the inten- 
sity of lines longward of 610 A very uncertain. 


than linear order arc not required. The deviations from the linear lit were negligible. A large 
majority of the 32 lines used for the dispersion calibration had sub-pixel deviations from the 
linear fit. 

The true spectral resolution of the spectrograph is difficult to estimate from this exposure. 
Owing to errors in the fiat field corrections, the relative peak intensities of the strong lines 
longward of 615 A could be in error by factors as large as 50%. This can be seen by the 
oscillations present in what should be a smoothly varying continuum between 620-630 A. 
These oscillations are caused by the errors in the flat field corrections discussed earlier. 
Accordingly, the measured spectral widths of the lines longward of 615 A can be in error by 
nearly this same factor. Attempts to lit profiles to these lines confirm this. 

Lines within this wavelength interval have spectral widths that vary by a factor of -2. The 
known f-values for these lines and estimates of the gas density and temperature in the hollow- 
cathode lamp indicate that all of these lines should be spectrally unresolved. The width varia- 
tions are nearly random and do not correspond to any variations attributable to the grating per- 
formance. Lines shortward of 615 A are not strongly affected by flat field errors, but the weak 
lines are so crowded together that it is difficult to avoid profiles which are blends of multiple 
lines. The possibility of line blends makes fits to the weak lines meaningful only if all line 
emissions have been properly identified. 

Rough estimates of the spectral resolution can be made by inspection of closely spaced 
line pairs. The inset of Figure 4 shows a well-resolved triplet of lines beginning at 580.51 A 
and ending at 580.79 A. These are clearly the Ne 1 lines that Kelly and Palumbo list at 
580.57, 580.69 and 580.71 A. It is clear from this example that the spectral resolution is close 
to or better than the pixel spacing on (he detector. Another example is the line in the inset 
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Fioure 5 — Three spatial cuts through the spectrum 
in Figure 3. The cuts were made at the wavelengths 
of the emission lines at 626.83, 615.63, and 
602.73 A. Pinhole 1 (which appears as the topmost 
horizontal strip in Fig. 3) appears as the leftmost 
peak in these plots. The dark line in each plot 
shows the data and the thin line shows the result of 
the least-squares Gaussian fils to the data. 


marked 585.30 A. This line, which looks 
broader than others nearby, is actually a 
blend of two Ne I lines, one at 585.30 A 
and the other at 585.25 A. As can be seen 
from Figure 4, these two lines arc almost 
resolved in the spectrum. These estimates 
agree with attempts to lit the speclial 
proliles of several lines near 600 A. These 
attempts yielded an average line width of 
-1 pixel. 

Ihe spatial resolution in the s|iectio- 
grapli image is illustrated by the spatial 
cuts shown in Figure 5. The figure shows 
vertical cuts through the image of Figure 3 
at three different wavelengths. The heavy 
lines in Figure 5 show the data obtained by 
averaging over 350 ntA of die spectrum 
centered at each labeled wavelength. 
Pinhole 1 is die first peak on the left. 
Blockage from the hollow-cadiode residual 
material is partially responsible for die 
variation of intensity seen through die 
pinholes, lliis certainly causes the lack of 
any emission from pinhole 2. It probably 
causes the reduced intensity seen in 
pinholes 1 and 6 through 10. However it 
is clear from a comparison of Ihe lelative 
pinhole intensities at each wavelength that 
pinhole blockage does not cause all of the 
intensity variations. The greatest intensity 
is not seen through the same pinhole at till 
wavelengths. These variations must be 
caused either by spatial variations in die 
lamp emissions or by problems with die 
flat field corrections. Ihe former explana- 
tion appears likely in light of die fact that 
the relative pinhole intensities appear to 
vary throughout the spectrum, both in and 
out of the region affected by errors in die 
flat field corrections. In addition, these 
spatial cuts should be relatively unaffected 
by the flat field errors owing to Ihe spatial 
structure which is clearly associated with 
these errors. 

The light lines in Figure 5 show Gaus- 
sian fits to the image of each pinhole. In 
units of the 25 pin pixels, the average e -1 
half-width for each spatial cut was found 
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Figure 7 — Interferograms indicating the surface figure of 
the substrate illustrated in Figure S arc shown. A 
modified Martin-Walt-Wcinstcin interferometer was used 
to record the interferograms. This configuration uses a 
spherical mirror in the reference beam. In its relaxed 
state the substrate produces the top interferogram which is 
indicative of its spherical surface. For the middle inter- 
ferogram the substrate wits distorted into a toroid, (or 
which the saddle pattern is characteristic. The bottom 
interferogram shows that coma may be induced by the 
proper application of the mechanism’s pressure points. 


the detector and entrance aperture to 
lie along the grating’s Rowland circle. 

The benefits of being able to 
move either the detector or the 
entrance aperture off the Rowland cir- 
cle are freedom to decrease the size of 
the spectrograph and an added ability 
to add magnification or to change the 
speed of die grating. This can be 
accomplished by adding second order 
corrections to the grating surface 
which add the appropriate amount of 
the negative coma. Figure 6 shows a 
mechanism which has been designed 
to help fabricate gratings with die 
required surface figure. This mechan- 
ism is used to deform die spherical 
master grating shown mounted on it in 
the figure. It differs from that used to 
produce the toroidal grating used in 
these measurements in that it has four 
independent pressure points through 
which the grating surface may be 
defined. Figure 7 shows interfero- 
grams which illustrate that the 
mechanism can successfully produce 
the required deformations. The inter- 
ferograms in Figure 7 show the fringes 
relative to a spherical reference mirror. 
The top intcifcrogram was obtained 
widi the undistorted spherical master 
grating. The middle interferogram 
shows the characteristic saddle pattern 
obtained with the master deformed to 
a toroidal figure and the bottom inter- 
ferogram shows that the master can be 
deformed to induce coma. 

To pro|icrly utilize the advantages 
gained by these new gratings requires 
low-noise imaging detectors of smaller 
pixel size and larger pixel formats. As 
the complexity of the grating surfaces 
grows so does the area over which 
useful images may be made. As die 
spectrograph size decreases so do the 
blur diameters. The development of 
MAMA detectors is keeping pace with 
these demands. 
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ABSTRACT 

We have developed a technique which permits toroidal, and coma-corrected toroidal, diffraction gratings 
to be replicated from spherical master gratings by the use of elastically-deformable substrates. Toroidal 
gratings correct for astigmatism and, thus, make it possible to construct stigmatic spectrometers that 
employ a single reflective diffraction grating. These spectrometers are particularly useful for the extreme- 
ultraviolet (EUV) wavelength range, where reflection coefficients are low, since the single optical surface 
provides for dispersion, focussing, and astigmatism correction. The fabrication procedures for the pure 
toroidal, and coma-corrected toroidal, gratings are described, and initial test results are presented. The use 
of the toroidal gratings in a high-resolution sounding-rocket EUV spectroheliometer (HiRES), and in both 
the Coronal Diagnostics Spectrometer (CDS) and the Ultraviolet Coronagraph Spectrometer (UVCS) on 
the ESA/NASA Solar and Heliospheric Observatory (SOHO) mission, is described briefly, and the use of 
this technique for the fabrication of a coma-corrected toroidal grating for the prime Rowland spectrograph 
of the FUSE/Lyman mission is briefly discussed. 


1. INTRODUCTION 

The extreme ultraviolet (EUV) spectral region at 

wavelengths below -120 nm is of critical importance for the 

diagnostics of conditions in high-temperature plasmas, since 

this region contains emission lines and continua 

characteristic of temperatures in the range from -10 1 * * 4 * to 
>10 6 K. This spectral region is, thus, particularly useful for 
studies of dynamic phenomena in the outer atmospheres of 
the sun and other stars. In addition, observations at these 
wavelengths can provide unique astrophysical data on 
dynamic phenomena in planetary atmospheres and 
magnetospheres, on the exchange of matter and energy 


between stars and the interstellar medium, on the variations 
of light element abundances in the galaxy, and on the 
dynamics of the hot gas in galactic halos. 

Because of the lack of window materials and of high- 
reflectivity optical surfaces at these wavelengths, practical 
systems for imaging and spectroscopy must employ open- 
structure detector systems and a minimum of reflecting 
surfaces. The recent development of high-resolution 
imaging detector systems which can operate with high 
efficiency at EUV wavelengths has stimulated the design of 
imaging spectrometers for use at these wavelengths. 
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We have developed a technique which permits toroidal, 
nd coma-corrected toroidal, diffraction gratings to be 
eplicated from spherical master gratings by the use of 
lastically-dcformablc substrates. Toroidal gratings correct 
or astigmatism and, thus, make it possible to construct 
tigmatic spectrometers that employ a single reflective 
iffraction grating. These spectrometers are particularly 
seful for EUV wavelength range, since the single optical 
urface provides for dispersion, focussing, and astigmatism 
orrection. To date, we have fabricated and tested three 
ure toroidal replica gratings with aspect ratios of the order 
of 0.978, average radii of curvature of 1000 mm, and ruling 

E requencies of 3600 grooves mm' 1 , which are designed to 
•perate with a focal ratio of f/15 at an angle of incidence of 
1.95°. These gratings produce sligmatic images over a 
wavelength range of about 10 nm centered around 60 nm at 
pngles of diffraction close to the grating normal. A fast 
[toroidal replica grating with a focal ratio of f/8, which can 
be used at a large angle of incidence in the range from 25° 
►to 30°, has also been fabricated and is under initial test. A 
(coma-corrected version of this toroidal grating will be 
fabricated shortly. The fabrication procedures for the pure 
toroidal, and coma-corrected toroidal, gratings are 
described, and test results are presented. The use of the 
toroidal gratings in a high-resolution sounding-rocket EUV 
Ispectroheliometer (HiRES), and in both the Coronal 
(Diagnostics Spectrometer (CDS) and the Ultraviolet 
Coronagraph Spectrometer (UVCS) on the ESA/NASA 
Solar Heliospheric Observatory (SOHO) mission, is briefly 
(described, and the use of this technique for the fabrication 
bf a coma-corrected toroidal grating for the prime Rowland 
spectrograph of the FUSE/Lyman mission is briefly 
discussed. 


2. THE TOROIDAL GRATING SPECTROMETER 


The design of the spectrometer was stimulated initially 
by the need for high-time-resolution observations of the 
solar chromosphere, transition region, and corona with a 
high spectral resolution (A/ AX - 2 x 10 4 ) and a spatial 
resolution of 1 arc sec or better. 1 The basic configuration of 
the spectrometer mounting is shown in Fig. 1(a). 

In the conventional Rowland circle mounting, the vertical 
and horizontal foci from a spherical diffraction grating are 
not coincident However, Haber 2 has pointed out that it is 
possible to obtain sligmatic focusing at two points in the 
spectrum by selecting the vertical radius of curvature R v of 
a toroidal grating to be smaller than its horizontal radius R v 
As shown in Fig. 1 (a), exact sligmatic focusing can then be 
obtained at two positions in the spectrum given by 



t ROWLAND CIRCLE) 


(a) 



Fig. 1 (a) Schematic of the imaging EUV spectrometer 
employing a single toroidal grating. Exact stigmatic 
focusing is obtained at angles of diffraction ± Pg, which are 
defined by Equation (1). Given a sufficiently small value of 
P 0 and some depth of focus, effective stigmatic focusing can 
be achieved between and somewhat beyond the two 
stigmatic points, (b) Isometric display of the imaging 
properties at the two stigmatic points ± P 0 . 


R v = R h cosa cosp o ( 1 ) 

The two stigmatic points are located symmetrically to the 
grating normal at llie angles of diffraction ±P 0 , as shown in 
Fig. 1 (a). An isometric display of the imaging properties of 
the two sligmatic points is shown in Fig. 1 (b). 

In a practical system where P 0 is small and Uicrc is some 
depth of focus (moderate speed systems with focal ratios 
<f/15), stigmatic focusing can be achieved between and 
somewhat beyond the two sligmatic points with a simple 
toroidal surface. Ray tracing studies 1 have shown for a 
3600-groove mm' 1 grating with a radius of curvature of 
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2000 mm, blur sizes of significantly <40 pm can be 
obtained over an effective wavelength range of >10 nm. 
However, for, higher speed systems (f/10 or faster), which 
will be required for astrophysical studies, corrections for 
higher-order aberrations are required. 3 

3. GRATING FABRICATIONS 

To evaluate the performance characteristics of a toroidal 
grating at EUV wavelengths, we have fabricated a number 
of toroidal replica gratings using a unique technique 
developed by Lemaitre. This technique uses an elastically 
deformable grating which is replicated from a spherical 
master ruling. The ratio to the vertical and horizontal radii 
of curvature can then be set to any desired value by 
applying a distorting force to the flexible substrate. The 
stainless steel flexible substrate has a form which elastically 
deforms into an exact toroidal surface with the application 
of a single adjustable distorting force. The grating, with a 
ruling frequency of 3600 grooves mm' 1 , and an active area 
of 70 x 70 mm 2 , was replicated onto the deformable 
concave substrate by Hyperfine, Inc., Boulder, CO from a 
concave spherical master ruling using an intermediate 
convex replicating surface. A radius of curvature of 1000 
mm was selected for the initial grating for convenience in 
laboratory testing. After the substrate had been deformed to 
the appropriate aspect ratio, a fixed concave toroidal grating 
was replicated from the deformable substrate, again using 
an intermediate convex replicating surface. The replication 
sequence is shown in Fig. 2. 

The characteristics of the f/15 toroidal grating are given 
in Table 1. 

A total of three toroidal replica gratings with these 
characteristics have been fabricated to date by Hyperfine, 
Inc.; one is at the University of Padua and two are at 



FABRICATION OF TOROIDAL GRATING 


Rul* •phsricxl grating on rigid, concavo 
Wank 

. o . *7 '' ■** 

Raplicata apharical grating onto rigid 
convax blank 

Raplicata apharical grating onto raiaxad 
flaxfbla substrata 


Distort grating on llaxfcl# substrata Into 
a toroidal shspa 

Raplicata toroidal grating onto rigid 
convax blank 

• y: ; •' ; • 

Raplicata toroidal grating onto rigid 
concava Wank 


Fig. 2. Fabrication sequence for toroidal replica 
grating using an elastically-deformable substrate. 



Stanford University. In addition, a further toroidal replica 
grating has been fabricated from a spherical master grating 
with a ruling frequency of 1800 grooves mm' 1 . This grating 
will be used to produce stigmatic images at wavelengths 
between 104 and 126 nm in the fust order and between 52 
and 63 nm in second order for characterization of the 
MAMA detector systems for the SOHO mission. 4 All the 
other characteristics of this grating are identical to those 
listed in Table 1. 

In order to fabricate a coma-corrected toroidal grating 
using this technique, a more complex deformable substrate 
is required to impose the small departures from the pure 
toroidal form required for the correction of coma. The 


Tab ix 1. 

Desired Characteristics of the f/15 Test Toroidal Diffraction Grating 

Wavelengths and angles of rajs 

Stigmatic wavelength range 

52-63 nm (first order) 

Angle of Incidence a 

11.947° 

Wavelength on grating normal 0—0°) 

57.5 nm 

Wavelength at stigmatic points (f) 0 = 1 0.825°) 

53.5 nm, 61.5 nm 

Grating surface 

Horizontal radius of curvature Rj, 

1011.1 mm 

Vertical radius of curvature Ry 

989.1 mm 

Aspect ratio Ry/R,,- 

0.9782 

3600 grooves mm' 1 

Ruling frequency 

Ruled area 

70 x 70 mm 2 
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|oma-correcting deformable subslraie is, again, spherical in 
ts relaxed form, but requires six actuators for the 
feformation, rather than the single actuator required for die 
jDroid-forming substrate. 

The fabrication sequence for the coma-correctcd toroidal 
;rating is essentially identical to diat shown in Fig. 2, but is 
l two-stage process. First, die spherical master ruling is 
cplicaled onto die coma-correcting substrate. This is dicn 

f eformed into the figure required for die coma correcdon. 
he coma-correcting figure is then replicated onto the 
claxcd toroid-forming substrate. The substrate is then 
leformed into the exact toroidal shape and die fixed coma- 
orrccted toroidal graung replicated. 

In order to evaluate diis procedure for fabricaung coma- 
:orrectcd toroidal gratings, we arc in the process of 
"abricating two replica gratings, the first a pure toroid and 
he second a coma-corrected toroid. We have selected a fast 
focal ratio of f/8 and an angle-of-incidence of 30° in order 
o introduce a large amount of coma in die spectral images 
from the pure toroidal grating. The desired characteristics 
)f the f/8 toroidal test grating are listed in Table 2. 

The wavclcngdi on die grating normal of 208 nm is very 
dose to that of a strong Zn emission line produced by a 
:ommcrcially-available light source. 

At diis time, die first toroidal replica grating is under 
nitial evaluation and fabrication of the elastically- 
leformablc substrate for the coma correction is about to 
;lart. 

4. TEST RESULTS 

A scries of measurements of die performance of die first 
f/15 toroidal replica grating at EUV wavelengths were 
:arried out at the University of Padua in 1985 and 1988, and 


have been reported in die literature. 5 - 6 

Further measurements on diis grating were completed at 
die University of Padua in 1990 in an attempt to arrive more 
closely at the exact sligtnaiic focus. The laboratory 
spectrometer was set up in the same manner as for the 
earlier tests with a row of ten pinholes along die entrance 
slit, each 20 pm in diameter with separations of 250 pm. 
The data were recorded using a tctraphcnyl butadinc down- 
corrccdng phosphor deposited on a fiber-opde faceplate diat 
was die window to die vacuum sjxxlrogruph. Ihc visible- 
light photons were delected by an intensified CCD detector 
system. The light source was a dc hollow cathode operating 
widi noble gases; most of die data were recorded at 58.4 
nm, die wavelength of the strong He 1 resonance line. It 
was found that the sligmalic condiuon could be sadsfied for 
a = 11.62° and P = 0.51 ° at 58.4 nm, yielding an aspect 
ratio Ry/R h of 0.9795, very close to die desired value of 
0.9782. Images of the pinholes at 58.4 nm, recorded widi 
low (5 mbar) and high (30 mbar) pressures in the hollow 
cathode lamp are shown in Fig. 3. The point spread 
function of the detector and the effect of die finite size of 
the pinholes were determined by placing the pinholes 
dirccdy on die phosphor and illuminating diem widi 253.7 
nm radiation from a Hg lamp. The measured instrument 
function was then deconvolved from the recorded data, 
yielding die spectral images shown in Fig. 4. The image of 
a single pinhole which clearly demonstrates the outstanding 
combination of spatial and spectral resolution provided by 
the toroidal grating is shown in Fig. 5. The residual 
aberrations arc close to those predicted by die earlier ray 
trace studies. 1 

Wc have just started the initial tests of the first f/8 
toroidal grating. These tests arc being carried out at the 
University of Padua, using a laboratory spectrograph 
modified to accommodate the larger angle-of-incidence of 
the grating. The same detector system dial was used for die 


Table 2. 

Desired Characteristics of the f/8 Test Toroidal Grating 

Wavelengths and angles of rays 

SUgmatlc wavelength range 

200 - 220 nm (llrst order) 

Angle of Incidence a 

30.0° 

Wavelength on grating normal 

208 nm 

Test wavelength 

213.9 nm (P = 0.75°) 

Grating surface 

Horizontal radius of curvature Rj, 

1071.8 mm 

Vertical radius of curvature Ry 

928.2 mm 

Aspect ratio R v /R h 

0.866 

Ruling frequency 

2400 grooves mm' 1 

Ruled area 

120 x 140 nun 2 
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Fig. 4. Deconvolved images of ten pinholes at the wavelength of the He I 58.4 run resonance line. Point spread 
function of the detector and the effects of the finite pinhole size have been removed. 


a. Low gas pressure (5 mbar). 


b. High gas pressure (30 mbar). 
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Fig. 6. Images of pinholes at the wavelength of the Zn I 213.9 nm emission line with the full 120 x 120 mm 2 area 
of the grating illuminated. 

a. Analytical profiles. b. Measured profiles. 
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f/15 toroidal grating tests is being employed, but in this 
case, the data are being recorded at the wavelength of the 
Zn I 213.9 nm emission line and it is not necessary to 
evacuate the spectrograph. The expected analytical image 
profiles, obtained by convolving the ray trace data with the 
instrumental function, for three pinholes, and the 
experimental data for five pinholes, with the full 120 x 120 
mm 2 ruled area of the grating illuminated, are shown in Fig. 
6. The broadening of the images, caused by coma, can be 
clearly seen in the analytical profiles. However, the image 
quality in the wings of the measured profiles appears better 
than that predicted by analysis, while the central core of the 
image is not as sharp as predicted. 

In order to try to understand the measured results, the 
grating was masked down to its central 60 x 60 mm 2 area so 
as to limit the effects of coma. The analytical and measured 
data for this condition are shown in Fig. 7. It is 
immediately evident that the emission line is spectrally 
broadened with some self-reversal caused by absorption in 
the light source. When this effect is taken into account, 
there is relatively good agreement between the analytical 
and measured image profiles. 

In a further attempt to understand why the measured 
profiles are superior to the analytical profiles when the full 
grating area is illuminated, the central 80 x 80 mm 2 area of 
the grating was masked off. The measured and analytical 
profiles for this condition are shown in Fig. 8. These 
measurements confirm the results obtained when the full 
area of the grating was illuminated; namely, that the effects 
of coma appear to be significantly less than predicted by the 
ray-trace analysis. The reason for this effect is at present 
not undersoood, and further studies of the grating 
performance are in progress. 

We plan to continue further detailed studies of the f/lS 
toroidal gratings now that a second laboratory spectrograph, 
fabricated at the University of Padua, has been delivered to 
Stanford University for integration with the imaging pulse- 
counting MAMA detector system. The evaluation of the f/8 
toroidal grating will continue at the University of Padua and 
will be followed by a detailed study of the first coma- 
corrected f/8 toroidal grating. 

5. FLIGHT APPLICATIONS 

A number of space ultraviolet astrophysics istruments are 
planning to utilize toroidal diffraction gratings fabricated by 
this technique. Our sounding rocket High-Resolution EUV 
Spectroheliometer (HiRES) 7 will employ a 1-m radius-of- 
curvature 3600 grooves mm' 1 toroidal grating in an imaging 
EUV spectrometer in order to produce spatially-resolved 


spectra of structures in the solar outer atmosphere with an 
angular resolution of 0.4 arc sec, a spectral resolution A/AX 
of about 10 4 in first order, and a temporal resolution of the 
order of seconds. The wavelength range from about 51 to 
63 nm which contains emission lines with excitation 
temperatures ranging from 3xl0 4 Kto2xl0 6 K will be 
covered simultaneously. 

On the ESA/NASA Solar and Heliospheric Observatory 
(SOHO) mission,* two instruments will employ toroidal 
diffraction gratings. These are the Coronal Diagnostics 
Spectrometer (CDS) 9 and the Ultraviolet Coronagraph 
Spectrometer (UVCS). 10 In the CDS, two toroidal gratings 
will be used in a normal-incidence imaging spectrometer to 
measure emission-line intensities in the wavelength ranges 
from 31 to 38 nm and from 52 to 63 nm. The UVCS will 
utilize the toroidal gratings in two imaging spectrometers to 
measure emission-line profiles and intensities at 
wavelengths between 102 and 130 nm in the solar corona at 
distances ranging from 1.2 to 10 solar radii. Emission line 
intensities at wavelengths between 50 and 130 nm on the 
solar disk will also be measured. 

The FUSE /Lyman payload is designed to study faint 
sources throughout our galaxy and at very large extragalac- 
tic distances with a very high (A/AX - 3 x 10 4 ) spectral 
resolution at wavelengths shorter than the Hubble Space 
Telescope limit of 120 nm. 11 As currently baselined, the 
prime spectrograph for the wavelength range from 91 to 125 
nm employs a coma-corrected toroidal grating with a focal 
ratio of f/10 in a Rowland-circle mounting with a diameter 
of 172 cm. A part of the NASA Phase A study, an asphere 
for the test grating was fabricated by Hyperfine, Inc. using 
three-axis grinding and cylindrical polishing machines. 
This work is continuing as part of the NASA Phase B study. 

The successful fabrication of a coma-corrected toroidal 
grating by means of the procedures described in this paper 
would demonstrate the viability of this technique as an 
alternative fabrication procedure for the FVSE/Lyman 
gratings. This technique would permit small variations to 
be made to the shape of the final asphere without the 
necessity of repeating the grinding and polishing 
procedures. 
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Fig. 7. Images of pinholes at the wavelength of the Zn 1 213.9 nm emission line with the central 60 x 60 mm 2 area 
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Fig 8. Images of pinholes at the wavelength of the Zn I 213.9 nm emission line recorded with the central 80 x 80 
mm 2 area of the grating masked off. 


a. Analytical data. 


b. Measured data. 
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ABSTRACT 


Toroidal gratings can be used for imaging spectrometers. These can provide stigmatic 
images and are very useful for space applications. Two cases are described: an Ultraviolet 
Coronagraph for the solar SOHO mission and a high resolution spectrometer for the stellar 
Lyman mission. The toroidal gratings have been produced by replicating an elastically de- 
formed spherical one. By properly applying the distorting forces also coma -corrected 
surfaces can be achieved. 


1. INTRODUCTION 


The extreme ultraviolet region (EUV) at wavelengths below 1200 A is of critical impor- 
tance for the diagnostics of high temperature plasmas; in fact at temperatures from 10^ K 
up to 10 6 K and larger their characteristic emission spectra lie in this spectral range. 
The EUV observations are thus particularly useful for studying phenomena in the outer atmo- 
sphere of the sun and the stars, and, in addition, they can provide unique astrophysical 
data on dynamic phenomena in planetary atmospheres and magnetospheres, on the flow exchange 
of matter and energy between the stars and the interstellar medium, on the distribution of 
the light elements abundances in the galaxy and on the dynamics of the hot interstellar gas 
in the galactic haloes. 


Because of the lack of transparent window materials and of high efficiency reflecting 
coatings at these wavelengths, open structure detector systems and the minimum number of 
reflecting surfaces must be used. The recent development of high-resolution and high effi- 
ciency EUV detectors has stimulated the design of optical systems which can provide a stig- 
matic spectroscopic capability. These imaging spectrometers use toroidal gratings achie- 
ving simultaneously the spectral, spatial and temporal resolution required for many scien- 
tific observations. 


In this paper we describe the fabrication and the results of the testing of toroidal dif- 
fraction gratings, for use in imaging EUV spectrometers at wavelengths between 300 and 1200 
A. The correction technique of various aberrations is in particular discussed. 

2. PROPERTIES OF A TOROIDAL GRATING 


The basic optical configuration of a toroidal grating-spectrometer is shown in Fig. 1. 

The entrance slit, the vertex of the grating and the diffracted image lie on the Rowland 
circle. In the usual Rowland circle mounting, the equatorial and sagittal foci of a spheri- 
cal diffraction grating, are not coincident. It is possible however to obtain exact stig- 
matic focusing at one or two points in the spectrum by using a toroidal grating 1 . In this 
case the equatorial radius of curvature R and the sagittal one j fulfill the equation 

^ - R cosn. cosB (1) 

where «<. and B are respectively the angle of incidence and diffraction on the grating. 

" Currently on leave from Institut fur Astronomie, ETH-Zentrum Zurich, Switzerland 
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Figure 1. Schematic of an imaging EUV spectrometer using a single toroidal grating. Exact 
stigmatic focusing is obtained at the angles of diffraction ±fl. 

As shown in Fig. 1 the two stigmatic points are located symmetrically with respect to 
the grating normal in the directions at ±0. When in a practical system 0 is relatively 
small there is some depth of focus especially if the aperture in the sagittal plane is quite 
small; consequently stigmatic focusing can be achieved on an extended region of the Rowland 
circle between and somewhat beyond the two stigmatic points. 

The aberrations theory of a toroidal grating has been developed by Haber 3 . As usual the 
optical path from the source A to the image B is expanded in a power-series of the coordi- 
nates y,z of a point P on the grating surface: 

AP + PB = i. . a. .y 1 z :l (2) 

13 ir 

the y-axis is perpendicular and the z-axis is parallel to the grooves. In general the higher 
order aj: coefficients are progressively smaller and correspond to the various aberrations. 
When working on the Rowland circle and at t h e stigmatic points the aberrant terms 
are zero up to the terms in yz 3 (i.e. the term giving rise to coma). It follows, as known, 
that for large focal ratios and/or for large incidence angles, even the spectral aberra- 
tion, in addition to the spatial one, can be intolerably high. For correcting these higher 
order aberrations it is necessary to shape the surface of the grating beyond the simple to- 
roidal surface. 

3. A TOROIDAL GRATING FOR THE ULTRAVIOLET CORONAGRAPH (UVCS) ON SOHO 

The SOHO (Solar and Heliospheric Observatory) Mission, approved in 1987 is a joint ESA- 
NASA mission. It will consist of a satellite orbiting around the Lagrangian Li point and 
carrying on board several experiments for the observation of the solar corona, the solar 
interior and for in-situ measurements. The launch is presently foreseen in 1995. One of the 
selected experiment is the UVCS, an Ultraviolet Coronagraph Spectrometer; it will study the 
extended corona up to ten solar radii, fy measuring the light scattered by the corona at 
several wavelengths: I,y»c HI, 1032-1036 A OVI, 780 A NeVIII, 625 A MgX. Both the intensity 
and the profile of the lines will be measured, deriving values for the electron and ions 
temperature, density and velocity 3 . 

An optical scheme of the proposed UVCS is shown in Fig. 2. Briefly, an occulted telescope 
(off-axis parabola) forms the image of a portion of the solar corona, perpendicular to the 
radial direction, on the entrance slit of a spectrograph. The parabola can scan the corona 
at various distances from the sun; furthermore the entire UVCS can rotate around the axis 
joining the spacecraft to solar centre in order to probe the entire corona. The spectro- 
graph is fitted with a toroidal grating and produces the diffracted images of the entrance 
slit on bidimensional MAMA type detectors (Multi Anode MicroChannel Array). For efficiency 
reasons separate channels are provided for the Ly* and the other lines. ' 

The essential parameters of the entire experiment and of the toroidal gratings in parti- 
cular are reported in Table I. One can see that the f-number of the grating is not very lar- 
ge; also the incidence angle is small. Consequently the aberrations predicted by the theory 
of the toroidal grating are small. 

Fig. 3 shows the spectral and spatial blurs predicted by a ray-tracing program for seve- 
ral source points located at various heights on the entrance slit. It is quite apparent how 
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Figure 2. Optical layout of the ultraviolet coronagraph. The telescope, which is an off- 

axis parabola, is externally and internally occulted in order to reject the light 
from the full disk. 


Table I. Optical Specifications of the UVCS 


Telescope 

Spectrometer 


Size: 70 (disp) x 50 mm^ 

Grating size 105 

( disp ) x 70 mm^ 

Figure: Off-axis parabolic 
mirror 

Focal length: 750 mm 

Figure: toroidal 

Radius: 750 mm 
Radii ratio R/j : 

1.0259 (Ly<* ) 

Image scale : 0.22 mm/arcmin 
Field of view: 42'(tang) x 141' 

Ruling Frequency: 

1.0215 (1032 A) 
2400 £/nm 

Recipr. disp. : 

5.63 A/rnn (l’ord) 



Figure 3. Blurs obtained by ray-tracing the toroidal grating proposed for the UVCS. The 

full extent of the spatial (dotted lines) and spectral (solid lines) aberrations 
for several points on the entrance slit are reported: z is the height above the 
equatorial plane of the source point. 
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the blurs increase by going out of the equatorial plane but, for a central region they re- 
main below the pixel size of 25 x 25 pm 2 that will be adopted for the MAMA detectors. In par- 
ticular very good spectral resolution can be obtained in-plane. 

4 ■ A CORRECTED TOROIDAL GRATING FOR LYMAN 

The Lyman (previously FUSE) Mission, presently at the phase A study at both ESA and NASA, 
is intended to observe stellar objects in the very important, yet unexplored region, from 
1200 A down to the HI photoionization limit at 912 A. 

Basically Lyman will consist of a Wolter type two telescope with high resolution (1" HEW), 
followed by some spectrographs on the focal plane. Detection will be done with photon coun- 
ting detectors'*. In order to achieve the planned scientific objectives two, somewhat conflic- 
ting, requirements: high resolution (^30.000) and high-throughput (total effective area of 
«50 cm 2 ) should be fullfilled. 

Two spectrographs have been studied up to now as possible candidates: an echelle confi- 
guration and a Rowland mounting^. Ttie main advantage of the echelle is the intrinsic high 
resolution; this propriety results very good in relaxing the constraints for the pointing 
stability of the spacecraft as well as for the thermal distortion of the spectrograph struc- 
ture; however, due to the large number of reflecting surfaces, the efficiency, especially 
below 1050 A (the LiF limit) is very low. On the other hand, a Rowland configuration, using 
a properly corrected grating, presents a high efficiency (only one reflection), but on the 
contrary for achieving high resolution it will need very high pointing stability and it will 
be very sensitive to thermal distortion of the structure. However the Rowland option appears 
highly desirable in the region 912-1050 A, and also at shorter wavelengths for planetary 
objects . 

An optical scheme of the system is shown in Fig. 4. One can see the Wolter type two tele- 
scope illuminating the entrance slit, followed by a grating and a MAMA type detector. Table 
II reports the parameters of the system. Note that the key elements characterizing the gra- 
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Figure 4. Schematic of the Lyman telescope and spectrograph using a coma-corrected toroi- 
dal grating. 


Table II. Optical characteristics of the Lyman mission 


Telescope 


Spectroqraph 

Figure: Wolter type two 


Figure: aspheric grating 

Diameter: 80 cm 
f number: 10 


Size: 200 cm diameter 
f number: 10 

Lenght : 240 cm 


Radius : 200 cm 

Effective collecting. area 
(300-1216 A) 

1250 cm 2 

Ruling frequency: 4600 f /mm 
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ting are: i) the f-number - lOj ii) the ruling frequency ■= 4600 lines/miy. The latter in par- 
ticular implies that, in order to have the central wavelengths of 982 A near the grating 
normal, the incidence angle should be equal to 26.8* . 


A simple toroidal grating with such parameters produces of a point source located at the 
centre at the entrance slit an image very wide. Fig. 5 a) shows a spot diagram of the image 
for >. « 982 A for such case. A large blur is present. By introducing as proposed by Cash® 
an extra deformation of the surface of the type k-yz 2 on top of the toroidal surface with 
the optimal value of k-4.0 x 10”9mm~ 2 *• an image much smaller both in the spectral and spa- 
tial direction respectively can be obtained as shown in Fig. 5 b). One can see that the im- 
provement on the aberrations is about a factor 3-4. A further correction in the spectral- di- 
rection can be obtained by applying an additional correction to the surface of the type 
k'* y 4 (spherical aberration), with k'»1.9 xl0“^ 2 mm"3. The corresponding curve is shown in 
“i* jcv, . 'v'vV. *j,. '’nfivigt . ’A, >vn.. '•wrist, ’’r.. dj J'ATvl-JrB^T'is obta'ined corresponding to 

a resolution larger than 30.000. 



■ I 1 1 lullin 


e 

Figure 5. The image obtained with ray-tracing for the grating proposed for Lyman at 982 A 
a): a simple toroidal grating; b): with added the coma-correction; c): with 
added the spherical aberration correction. 

5. THE EFFECT OF SLOPE ERRORS 

An effect that has to be taken in account in evaluating the effective resolution achie- 
vable with an. optical element is the presence of slope errors i.e. errors arising in the 
manufacturing of the optical element. They manifest as deviations of the actual surface from 
the ideal one. Their effect on the spectral resolution is particularly serious at grazing 
incidence and in fact it is well known in the synchrotron light source community 7 . It is 
not negligible however even at normal incidence. 

In Fig. 6 the image obtained for the previously treated case of the grating for the Ly- 
man is shown respectively for the two cases of extra correction without and with slope 
errors. For the latter case two values have been considered: in one case a value of 1 prad 

* Note that the value of k adopted here and verified as the optimal one is given by: 

k = i f (*t, 0 ) 

2(coSfli +cos0 ) 

where f(<k,0) is a somewhat complicated function of the angles ^ and o _ This in contrast 
to the value adopted by Cash® as given by: 

k- fCot.B) 

2 ( secK+secO ) 

For near normal incidence there is very little difference between the two. 
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Figure 6. The image calculated for the grating proposed for Lyman a) coma-corrected gra - 

ting without and with the slope errors (1 and 5 prad maximum); b) spherical aber- 
ration corrected grating without and with the slope errors (1 and 5 prad maximun) 


maximum slope error, typical of the best spherical surfaces obtainable; and a value of 5 
prad maximum slope error , representative of the best aspherical surfaces. It is immediately 
evident that the slope errors degrade considerably the performances even in the case where 
only the k-yz 2 correction is applied to the grating. It is therefore very important to try 
to fabricate a grating with slope errors as small as possible. 


6. GRATING FABRICATION 

We have developed a method for fabricating toroidal gratings using a technique of elastic 
deformation. The details of the method and its properties have been fully treated elsewhere®. 
Brief ly, the process consists in ruling a grating on a concave spherical master and replica- 
ting it on an intermediate convex surface. Then the grating is replicated on a stainless 
steel flexible substrate accurately polished, while it is in the relaxed state i.e. the 
surface is spherical. The flexible substrate is mounted on a special holder that is capable 
of applying distorting forces. The final shape of the flexible substrate depends on the way 
on which the flexible blank is built and on the way in which the forces are applied. 

A simple toroidal surface can be obtained by applying a single adjustable distorting for- 
ce. For obtaining a deformation proportional to yz 2 a more complicated pattern of forces 
has to be applied. Figs. 7 a,b show respectively the blank for obtaining a pure toroid and. 



Figure 7. a): the blank for producing a simple toroidal grating; b): the blank for produ- 

cing a coma-corrected toroidal grating. 


SPIE Vol. 982 X-Ray Instrumentation in Astronomy II (1988) / 377 







the one for obtaining the coma correcting deformation. After the substrate has been shaped 
in the suitable aspect ratio, a fixed concave toroidal grating is replicated from it, again 
by using an intermediate convex replicating surface. 

The aspects ratio of the toroidal surface on the flexible blank can be determined using 
a modified laser-illuminated version of the Twyman-Green interferometer as fully described 
in ref. 8 . Note that this method of producing aspheric gratings presents several advantages: 

i) with only one master grating whole families of toroidal or coma corrected gratings can 
be produced 

ii) being the process of elastic deformation very well adjustable, the aspect ratio R/w of 

the grating can be finely controlled 5 

iii) by using properly shaped elastic blanks and holders there is the possibility of impar- 
ting accurately controlled deformations and in principle to control higher order aber- 
rations 

iv) by using spherical blanks at the beginning of the cicle of replication, the slope 
errors should be kept to a minimum, in contrast to the method of directly grinding an 
aspheric blank. 


7. GRATING PERFORMANCES 

The entire process of grating manufacturing has already been tested by measuring the per- 
formances of simple toroidal gratings. As a test case a grating with a ruling frequency of 
3600 lines mm-1, an active area of 70 x 70 mm 2 and radii R=1011, y =989 mm has been produced 
and tested. For the test the equipment represented in Fig. 8 has been used. A hollow catho- 
de, He-filled lamp illuminates the grating that is positioned inside a specially built nor- 
mal incidence spectrograph. In place of the entrance slit a series of ten pinholes separated 

by 250 pm was employed. The diameter of the pinholes varied from 10 to 33 pm. In the image 

position on the Rowland circle is located a glass plate coated with a TBP phosphor. This 
phospor down converts EUV photons into visible light with a peak emission near 4300 A. The 

visible light images, viewed through a window in the vacuum tank are imaged, magnified by a 

factor of three, onto the photocathode of a visible light MAMA type detector. This system 
gives an effective spatial resolution for each detector pixel of ab. 8 pm on the Rowland 
circle of the spectrograph. 

An example of one dimensional cut through the line of the ten pinholes is shown in Fig. 9. 
The measurement has been made at 584 A, Hel where the intensity was sufficiently high. The 
pinholes are clearly well separated. A throughout analysis of the data has shown that the 
aberrations produced by the grating are well in agreement with the ray tracing results, in- 
dicating that no particular anomaly is present^. 

More recently we have started developing a coma-corrccted toroidal grating. Again, for 
ease of testing a 1000 mm starting radius of the blank was chosen, an effective area of 120 
mm diameter and a ruling frequency of 1200 f/mm. A flexible blank with the proper holder 
has been built. Fig. 10 shows preliminary results of induced deformations on the blank as 
was shown in Fig. 7b. Fig. 10a shows the interference pattern on the blank in the relaxed 
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Figure 8. Schematic of the optical system for the tests of the toroidal gratings. 
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Figure 9. One dimensional image at the wavelength of the Hel resonance line at 584 A of 

ten pinholes located along the spectrograph entrance slit. The different pinhole 
diameters result in different relative peak intensities. 



Figure 10. Fringe pattern produced by the grating: a): before deformation; b): with an ap- 
proximate yz 2 deformation for coma correction. 

state with the fringes quite straight and uniformely spaced. Fig. 10b shows an example of 
yz 2 deformation. The pattern looks remarkably good although not yet optimal Ce.g. the 
straight fringe is not in the centre) indicating a non-optimal deformation around the 
y-axis; the deformation around z on the contrary seems rather good. The main toroidal defor- 
mation is not shown here for clarity. 


8. CONCLUSIONS 

The process of fabricating gratings by the technique of elastic deformation has been suc- 
cessfully tested in the case of a toroidal surface and is presently being applied to the ca- 
se of coma-correcting surfaces. The use of these gratings for space experiments has been il- 
lustrated for the cases of the Ultraviolet Coronagraph on SOHO and for the spectrograph on 
Lyman. Tests are planned also for measuring the diffraction efficiency of such gratings. 
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Abstract. We describe the design of a high-resolution stigmatic extreme- 
ultraviolet (EUV) spectroheliometer, configured for flight on a Black Brant 
sounding rocket, which consists of a 45-cm Gregory telescope coupled to 
a spectrometer employing a single toroidal diffraction grating in a normal- 
incidence Rowland circle mounting and an imaging pulse-counting multi- 
anode microchannel array (MAMA) detector system. The toroidal diffrac- 
tion grating is fabricated by a technique employing an elastically deform- 
able submaster grating that is replicated in a spherical form and then 
mechanically distorted to produce the desired aspect ratio of the toroidal 
surface for stigmatic imaging over the selected wavelength range. The 
spectroheliometer will produce spatially resolved spectra of the chromo- 
sphere, transition region, and corona with an angular resolution of 0.4 
arcsec or better, a spectral resolution A/AA of about 10 4 in first order, and 
a temporal resolution of the order of seconds. Because of the geometric 
fidelity of the MAMA detector system, the spectroheliometer will be able 
to determine Doppler shifts to a resolution of at least 2 mA at wavelengths 
near 600 A ( — 1.0 km s -1 ), depending on the level of the accumulated 
signal. The unique characteristics of the spectroheliometer will be used 
in combination with plasma-diagnostic techniques to study the temper- 
ature, density, and velocity structures.of specific features in the solar outer 
atmosphere. 
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1. INTRODUCTION 

Our proposal to construct a high-resolution stigmatic EUV 
spectroheliometer (HiRES) for flight on a Black Brant sounding 
rocket has been accepted by NASA, the Italian Space Agency 
(AS1), and the Indian Institute of Astrophysics. The instrument, 
now under development, will make it possible to observe the 
solar chromosphere, transition region, and corona with spatial, 
spectral, and temporal resolutions of, respectively, 0.4 arcsec. 


Invited paper XR-115 received Feb. 20, 1991; accepted for publication March 
9, 1991. This paper is a revision of paper 1343-53 presented at the SPIE con- 
ference X-Ray/EUV Optics for Astronomy, Microscopy, Polarimetry, and Pro- 
jection Lithography, July 1990, San Diego, Calif. The paper presented there 
appears (unrefereed) in SPIE Proceedings Vol. 1343. 

© 1991 Society of Photo-Optical Instrumentation Engineers. 
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A/AA ~ 10 4 (in first order), and seconds. The payload consists 
of a 45-cm Gregory telescope and a spectrometer that is equipped 
with a toroidal diffraction grating as its single reflective element. 
The spatially resolved spectra produced by the grating will be 
recorded by an imaging, pulse-counting multi-anode micro- 
channel array (MAMA) detector. The high resolution and the 
access to the EUV wavelength range will permit a comprehensive 
investigation of small-scale coronal structures since the entire 
range of plasma at chromospheric, transition region, and coronal 
temperatures can be observed in detail and at the same time. 
Dynamics can also be studied, because Doppler shifts of at least 
2 mA at wavelengths around 600 A, corresponding to velocities 
of 1 km s - 1 or less, will be observable. In addition, the HiRES 
instrument can be used for in-flight radiometric calibration of 
the coronal diagnostics spectrometer (CDS), the solar ultraviolet 
measurements of emitted radiation (SUMER) instrument, and 
the ultraviolet coronagraph spectrometer (UVCS) on the ESA/ 
NASA Solar and Heliospheric Observatory (SOHO) spacecraft. 1 
We review the scientific objectives of the investigation and de- 
scribe the configuration of the HiRES payload. 

2. SCIENTIFIC OBJECTIVES 

The scientific objectives of the observing program are to address 
currently unanswered fundamental questions concerning the fine- 
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scale structure of the chromosphere, transition region, and cor- 
ona. The unique characteristics of the spectrohcliomctcr will be 
utilized in combination with plasma-diagnostic techniques to 
study the temperature, density, and velocity structures of specific 
features in the solar outer atmosphere. 2 The goal is to seek a 
unified understanding of the interplay between the time-dependent 
geometry of the magnetic field structure and the associated Hows 
of mass and energy, the key to which lies in the smallest spatial 
scales that are unobservable with current EUV instruments. 3,4 

To understand the origins of the rather extreme physical con- 
ditions encountered in the solar outer atmosphere requires de- 
tailed studies of the mechanisms by which structure is imposed 
on the atmospheric plasma, by which energy and mass are trans- 
ported between different thermal layers, and by which energy 
transported from one level is dissipated in another. Studies dur- 
ing the past decades have revealed that magnetic fields permeate 
the solar atmosphere at all levels, and are responsible for con- 
straining and heating plasma in the outer atmosphere, storing 
energy and mass that occasionally is released explosively, and 
transporting heat into the chromosphere and corona from the 
kinetic motion reservoir in the subphotospheric convection zone. 
Furthermore, the magnetically moderated flows of high-energy 
radiation and particles provide a unique coupling between the 
sun, its planetary system, and structures, and events that we 
observe on the solar surface must be repeated on countless other 
stars in the galaxy. Accordingly, observations of magnetic fields 
and dynamic phenomena on the sun provide fundamental insights 
i concerning not only the detailed physical state of the heliosphere 
and its interface with planetary magnetospheres and interstellar 
space but also the magnetic phenomena that occur continually 
on larger and, often, more energetic scales elsewhere in the 
universe. We can study these phenomena on the sun with a 
clarity that is unattainable in other astrophysical situations. 5 With 
these themes in mind, we have begun the development of the 
high-resolution EUV spectroheliometer. Observations from space 
over the past two decades have shown that simultaneous mea- 
surements over a wide range of excitation temperatures with 
very high spatial, spectral, and temporal resolutions are required 
for an understanding of the causes and effects of solar features 
such as coronal holes, loops, x-ray bright points and promi- 
nences, 6 and of dynamic events such as explosive events 7 and 
flares. 8 The EUV spectroheliometer, as currently configured, 
will be capable of observing simultaneously at excitation tem- 
peratures over the range from 3 X 10 4 to 2 x 10 6 K, with a spatial 
resolution of 0.4 arcsec or better, a spectral resolution in first 
order \/A\ ~ 10 4 , and a temporal resolution of seconds or less. 
These capabilities are, we believe, adequate to start addressing 
the fundamental scientific questions concerning the flow of mass 
and energy in the outer solar atmosphere. 

3. HIGH-RESOLUTION EUV SPECTROHELIOMETER 

The design of the EUV spectroheliometer is based on two key 
technology, developments that we have undertaken during the 
past decade, namely the fabrication of toroidal diffraction grat- 
ings using deformable optics and the fabrication of state-of-the- 
art, pulse-counting, imaging photoelectric detector systems. The 
spectroheliometer has been designed from the outset to provide 
complementary data to that from high-resolution x-ray, ultra- 
violet, and visible-light instruments [e.g., the high-resolution 
telescope spectrometer (HRTS) 9 and the Orbiting Solar Labo- 
ratory (OSL) 10 ]. The configuration of the HiRES payload on the 
Black Brant sounding rocket is shown in Fig. 1, and the key 


characteristics of the telescope, imaging EUV spectrometer, and 
EUV detector system arc given in Table 1 . 

Two ancillary instruments are also included in the payload. 
These are an EUV irradiance spectrometer and an imaging in- 
frared (1R) spectrometer. The key characteristics of these in- 
struments arc given in Table 2. 

The basic configuration of the imaging EUV spectrometer 
mounting is shown in Fig. 2(a). In the conventional Rowland 
circle mounting, the vertical and horizontal foci from a spherical 
diffraction grating arc not coincident. However, one can obtain 
exact stigmalic focusing at two points in the spectrum 11 by 
selecting the vertical radius of curvature Rv of a toroidal grating 
to be smaller than its horizontal radius R/,. Exact stigmatic fo- 
cusing can then be obtained at two positions in the spectrum, 
given by 

Rv = Rh cosa cos(3o . (I) 

The two stigmatic points are located symmetrically to the grating 
normal at the angles of diffraction ±po. as shown in Fig. 2(a). 
An isometric display of the imaging properties of the two stig- 
matic points is shown in Fig. 2(b). 

In a practical system where (3o is small and there is some 
depth of focus (moderate speed systems with focal ratios ~f/15 
or greater), stigmatic focusing can be achieved between, and 
somewhat beyond, the two stigmatic points with a simple to- 
roidal surface. A wavelength range of over 100 A can be ob- 
tained with very high image quality, and a much greater wave- 
length range can be covered with moderate image quality with 
a single grating. 

To evaluate this concept, we obtained a 3600-grooves mm - 1 
spherical master grating with a radius of curvature of I in from 
Hyperfine Inc. of Boulder, CO. This grating was successfully 
replicated onto a deformable concave blank, and several fixed 
toroidal gratings were replicated by using the deformable sub- 
master grating. A scries of tests of these toroidal diffraction 
gratings combined with the imaging MAMA detector systems 
have been completed, and the results have been described in the 
literature. 12,13 

The development of the imaging MAMA detector systems 
has proceeded at a fast pace in recent years under the impetus 
of the Hubble space telescope imaging spectrograph (STIS) and 
SOHO flight programs. MAMA detector systems with formats 
as large as 2048 X 2048 pixels and with pixel dimensions as 
small as 14 x 14 microns 2 have been fabricated and are now 
under evaluation. 14 Different anode array geometries have been 
developed; the latest version, the fine-fine geometry, is now the 
standard for all new detector formats (see Fig. 3). Anode arrays 
for all these detector configurations have been fabricated free of 
defects. The theoretical spatial resolution of 14 microns (FWHM) 
has been demonstrated with the (224 x 960)-pixel arrays fab- 
ricated for the FUSE/Lyman phase A study, and measurements 
made with a first- generation coarse-fine geometry (256 X 1 024)- 
pixel MAMA detector system with 25-micron pixels have dem- 
onstrated the capability to determine the centroid of a spot image 
to an accuracy of better than 0.04 pixel, i.e., less than 1 mi- 
cron. 15 The HiRES imaging EUV detector will have a format 
of 728 x 2808 pixels, pixel dimensions of 14 X 14 microns 2 , 
and will be accommodated in the 40-mm format open-structure 
MAMA detector tube. The HiRES detector system will utilize 
the new custom amplifier/discriminator and decode 16 integrated 
circuits, now being developed as part of the STIS and SOHO 
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Fig. 1. Configuration of the HiRES payload in the Black Brant sounding rocket 


programs. An opaque MgF 2 photocalhode, deposited on the front 
If ace of the microchannel plate, will be used for the studies at 
wavelengths near 600 A in order to provide a high level of 
rejection of scattered H Ly a 1216 A radiation. An opaque KBr 

TABLE 1. Characteristics of the high-resolution EUV spectroheliom- 
eter for a Black Brant sounding rocket. 

Telescope: 

Type: f/15 Gregorian with f/2 . 0 primary mirror 

Diameter of primary minor 450 mm 

Focal Length: 6750 mm 

Plate scale in the focal plane: 33 pm per are sec. 

Spectrometer: 

Type: Rowland mounting with toroidal grating 
Entrance slit: 14 pm by 6.2 mm 
Instantaneous field-of-view: 0.4 are sec by 3.0 arc min 
Grating ruling frequency: 3600 grooves mm* 1 (initial flights) 

Grating radius-of-curvature: 1000 mm (mean) 

Angle of incidence: 1 1 .95* 

Aspect ratio of toroid: 0.9782 

Stigmadc wavelength range: -120 A from -510 A to -630 A in first order 
Spectral resolution (2 detector pixels): 78 mA 

Detector: 

Type: Open-structure Multi-Anode MicroChannel Array (MAMA) 

Format: 728 x 2808 pixels (fine-fine configuration) 

Total number of amplifiers: 160 
Pixel dimensions: 14 x 14 pm^ 

Position sensitivity: <1 pm (signal- to- noise limited) 

Photocathode material: MgF2 or KBr 


photocathode will be used for the later studies near 1200 A in 
order to provide a high detective quantum efficiency (DQE) at 
these wavelengths. 

An additional EUV instrument included in the payload is the 
EUV irTadiance spectrometer. This spectrometer employs a 0.25-m 


TABLE 2. Characteristics of the EUV irradiance spectrometer and the 
Imaging IR spectrometer. 

EUV irradiance Spectrometer: 

Type: Rowland mounlinc with spherical grating 
Entrance slit: 10 pm by 3.0 mm 
Instantaneous ficld-of-vicw: 3.8° x 3.8° 
ruling frequency: 1028 grooves mm' 1 
Grating radius-of-curvature: 0.25 m 
Angle of incidence: 9.0° 

Wavelength range: 280 A to 1270 A 
Spectral resolution (2 detectors pixels): 2 A 
Dctecttr MAMA 

Detector format: 1 x 1024 pixels (fine-fine configuration) 


Imaging IR Spectrometer: 

Type: Wadsworth mounting with spherical grating 
Entrance slit: 14 pm x 6.2 mm 

Instantaneous field-of-view: 0.4 arc sec by 3.0 arc min. 
Grating ruling frequency: 300 grooves mm 1 
Grating radius-of-curvature: 4000 mm 
Angle of incidence: 1 8.96° 

Wavelength range: 10824 A to 10834 A 
Spectral resolution (2 detector pixels): 0.45 A 
Detector CCD 

Detector format: 64 x 400 pixels 
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( ROWLAND CIRCLE) 
(a) 



Fig. 2. (a) Schematic of the imaging EUV spectrometer employing 
a single toroidal grating. Exact stigmatic focusing is obtained at 
angles of diffraction ±Po, which are defined by Eq. (1). Given a suf- 
ficiently small value of Po and some depth of focus, effective stig- 
matic focusing can be achieved between and somewhat beyond the 
two stigmatic points, (b) Isometric display of the imaging properties 
at the two stigmatic points ±Po. 

radius-of-curvature concave diffraction grating, operating at an 
angle of incidence of 9.0 deg in a conventional Rowland circle 
mounting, as shown in Fig. 4. The grating ruling frequency is 
1028 lines mm -1 , and the grating is used in the first order to 
provide a dispersion of 38.7 A mm -1 . The entire spectrum from 
1270 to 280 A is recorded simultaneously with a (1 X 1024)- 
pixel MAMA detector with pixel dimensions 25 p.m in width 
by 6.5 mm in height. The spectral resolution is approximately 
2 A (two detector pixels), and the entire spectrum is read out 
during flight with a temporal resolution of 1.6 s. 

This instrument will be included in the payload for two rea- 
sons. First, it will provide essential data on the solar EUV ir- 
radiances. We note that no systematic measurements of the solar 
EUV irradiances have been made since the late 1970s. 17 Second, 
it will provide measurements of the EUV atmospheric extinction 
profiles, which will be used to correct for the effects of atmo- 
spheric absorption on the EUV spectral images. The instrument 
is already in hand and will be refurbished for use in the HiRES 



Fig. 3. Configurations of representative anode arrays for the imaging 
MAMA detector systems, (left) (256 x 10241-pixel coarse-fine array 
with 25 x 25 microns 2 pixels; (center) (224 x 960)-pixel fine-fine 
array with 14 x 14 microns 2 pixels; (right) (1024 x 10241-pixel fine- 
fine array with 25 x 25 microns 2 pixels. 

payload. A new fine-fine geometry (1 x 1024)-pixel MAMA 
detector tube will be fabricated for use in the spectrometer. The 
detector system will also employ the new custom amplifier/ 
discriminator and decode integrated circuits. 

A third instrument that will be included in the payload is the 
near-lR spectrometer for imaging the He I 10,830 A line. The 
purpose of this spcclromctcr is to record simultaneously, for the 
first time, high-spatial-rcsolution images at (he He I 10,830 A, 
He 1 584 A, and He 11 304 A lines. These data will be used for 
studies of the different line-excitation mechanisms. Based on 
spectral data that we have received from Dr. Jack Harvey at the 
National Solar Observatory (NSO), wc arc base-lining a Wads- 
worth spectrometer with a (64 X 400)-pixel imaging detector. 
The spectral range covered will be from about 10,824 to 10,834 A, 
and the spectral resolution will be 0.45 A (two detector pixels). 
This spectrometer will be mounted in tandem with the imaging 
EUV spectrometer; a second entrance slit, parallel to the EUV 
slit, will be used to capture the IR radiation and feed it to the 
Wadsworth optics. The very small time difference between the 
EUV and IR images will not impact the analyses of the scientific 
data. 

The remaining optical instruments in the payload are the two 
slit-jaw monitors, namely, the Ha real-time TV camera and the 
1600 A (temperature minimum) imager. The entire HiRES pay- 
load will be evacuated before launch, and a NASA-supplied 
vacuum door in front of the telescope will be opened during the 
data-taking part of the flight. Each EUV spectrometer has an 
independent pumping system and a vacuum seal in front of the 
entrance slit. The block diagram of the payload is shown in Fig. 5. 

4. PROPOSED FLIGHT PROGRAM 

We foresee a number of operating modes for the HiRES payload, 
depending on the scientific investigation. The two primary modes 
will be the spectroheliogram mode and the spectral mode. In 
the spectroheliogram mode the SPARCS attitude control system 
will be used to execute a “pushbroom” scan of a region of 
interest on the solar disk or above the limb. At a scan rate of 
0.4 arcsec/0.1 s, a region of about 3x3 (aremin) 2 , as shown 


OPTICAL ENGINEERING / August 1991 / Vol. 30 No. 8 / 1145 



TIMOTHY, BERGER, MORGAN, WALKER, JAIN, SAXENA, BHATTACHARYYA, HUBER, TONDELLO, NALETTO 



in the EUV image 18 in Fig. 6, can be imaged in 45 s. Seven 
scans can be executed in the expected observing time of 300 s 
during a flight on the Terrier-Black Brant sounding rocket. In 
the spectral mode the entrance slit is placed across the region 
of interest, and the spatially resolved spectrum is read out with 
a time resolution of 0. 1 s. Data selection for transmission and 
recording is controlled by “mask modules” in the MAMA elec- 
tronics because the EUV and 1R instruments are capable of 
producing digital data at rates in excess of 100 Mbit s -1 . 

For the first flights we plan to observe a series of strong EUV 
emission lines near 600 A. The locations of these lines on the 


Rowland circle of the spectrometer and their relation to the 
stigmatic points are shown in Fig. 7(a). The expected output 
count rates for different locations on the solar disk are given in 
Table 3. We expect to observe some strong lines in second order 
in this wavelength range, particularly He II 303.78 A and Si XI 
303.41 A, and, in centers of activity, Fe XV 284.2 A. 

The calibration of the HiRES instruments will be a major 
task of the instrument development program. Calibration of the 
EUV spectroheliometer has three components; measurement of 
the telescope point spread function (PSF), establishment of an 
absolute wavelength scale in the spectrometer, and radiometric 


HIRES BLOCK DIAGRAM 


SKIN DOOfl MIRROR 



Fig. 5. Block diagram of the HiRES payload. 
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Fig. 6. Spatial scan mode of the HiRES instrument shown on a 171 
to 175-A EUV image of the solar disk. 


calibration of the assembled instrument. Calibrations will be 
carried out at the component and system levels. We plan to use 
the 300-m vacuum tunnel at the NASA Marshall Space Flight 
Center (MSFC) for the telescope PSF measurements at EUV 
wavelengths; the length of this tunnel is currently being increased 
to 1000 m for the advanced x-ray astrophysics facility (AXAF) 
program. 

Radiometric calibration of both the imaging EUV spectrom- 
eter and the EUV irradiance spectrometer will be carried out in 
the laboratory using National Institutes of Standards and Tech- 
nology (NIST) standard diodes and a high-current hollow-cathode 
light source having a calibration traceable to a storage ring as 
the absolute EUV standard. 19 In-flight wavelength calibration 
of the imaging EUV spectrometer will be accomplished by the 
use of a Pt-Ne hollow-cathode lamp with a MgF 2 window. 20 A 
second set of rulings, with a frequency of 1800 grooves mm' 1 , 


TABLE 3. Expected count rates from the EUV spectroheliometer. 

ION X(A) T(K) INTENSITY* OUTPUT COUNT RATE*> 

(erg ctn'V’sr •) (pixel 1 ! -1 ) 

Quiet Coronal Active Quiet Coronal Active 

Region Hole Region Region Hole Region 


He I 

584.3 

3.2 x 10 4 

550 

250 

7200 

189 

87 

2478 

He I 

537.3 

3.2 x 10 4 

71 

34 

830 

22 

11 

271 

ora 

599.6 

1.3 x 105 

31 

28 

74 

11 

10 

26 

ov 

629.7 

2.5 x I05 

330 

290 

1300 

130 

109 

484 

c»x 

574.0 

7.0 x 105 

7.8 

3.1 

46 

3 

1 

15 

Mg X 

625.2 

1.8 x 106 

51 

2.6 

470 

19 

1 

177 

si xn 

521. 1 

2.2 x Itfi 

25 

* 

720 

8 

* 

224 


a. From J. E. Vemazza and E. M. fteeves, 1978. 

b. Assume* effective telescope collection area of 75 cm*; grating efficiency 0.10; detector 
efficiency 0.4 counts photon' 1 and a pixel size of 0.4 x 0.4 arc sec*. 


will be located outside the primary ruled area to superimpose 
the emission lines at wavelengths near 1200 A from the Pt-Ne 
lamp onto the imaging detector. 

When the HiRES payload is used for the in-flight radiometric 
calibration of the CDS, SUMER, and UVCS instruments on the 
SOHO spacecraft, the ruling frequency of the toroidal grating 
will be changed from 3600 to 1 800 grooves mm - 1 . Wavelengths 
around 1200 A will then be imaged in first order, and wave- 
lengths around 600 A will be imaged in second order. The lo- 
cations of the strong solar emission lines accessible in this mode 
of operation and their relation to the stigmatic points on the 
Rowland circle are shown in Fig. 7(b). 

The first flight of the HiRES payload is currently scheduled 
for early 1993, with reflights at approximately one-year inter- 
vals. The SOHO calibration rocket (CALROC) flights are ex- 
pected to start in 1996, following the SOHO launch in late 1995. 
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ABSTRACT 

The High-Resolution EUV Spectroheliometer (HiRES) is a sounding rocket instrument designed to obtain 
very high spatial, spectral and temporal resolution images of the solar outer atmosphere. The main compo- 
nents of the instrument are a 45-cm Gregorian telescope feeding a 1-m normal-incidence stigmatic EUV 
spectrometer with an imaging Multi-Anode MicroChannel Array (MAMA) detector system together with a 
1-m Wadsworth IR spectrometer with an imaging CCD detector system. The stigmatic EUV spectrometer 
utilizes a single toroidal diffraction grating which is fabricated by a recently developed method employing 
an elastically deformable substrate. An additional 0.25-m normal- incidence spectrometer with a MAMA 
detector system is included in order to record atmospheric extinction data over the 280 to 1270 A wave- 
length range. This paper summarizes the expected performance of the telescope and 1-m EUV spectrometer 
system including the effects of vibrational misalignments and despaces due to the sounding rocket flight 
environment. Finite element analyses of the telescope primary minor mounting concepts are presented and 
discussed. In addition, results of ray tracing and laboratory spectrograph measurements from the toroidal 


atmosphere within a temperature range from 3 x 10 4 to 2 x 
10 6 K with a Doppler line-shift velocimetry sensitivity of 
approximately 1 km s' 1 at 600 A. A unique feature of the 
instrument is its ability to produce stigmatic images in the 
EUV wavelength range of interest through the use of a 
toroidal diffraction grating. The toroidal grating itself is 
produced by a recently developed method using a 
deformable substrate replication method as described by 
Huber, Tondello and others. 2,3,4,5 The use of an advanced 
Multi-Anode MicroChannel Array (MAMA) detector will 
enable the images to be transmitted, recorded, and pro- 


grating test program are presented and discussed. 

1. INTRODUCTION 

The conceptual design of the HiRES instrument as well 
as the primary scientific objectives were outlined in the 
previous year’s proceedings. 1 In brief, the instrument is 
designed to observe the solar chromosphere, transition 
region, and corona with spatial resolution of 0.4 arcsec, 
spectral resolution (X/AX) of at least 10 4 , and temporal res- 
olution on the order of seconds in the wavelength range 
from about 500 to 650 A. These observations will allow 
dynamic studies of the fine scale structure of the solar outer 
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Fig. 1. Conceptual layout of the HIRES Payload. 


cessed electronically, thus, greatly increasing the temporal 
resolution, inscene dynamic range, and photometric accu- 
racy. The development of large-format, flight-qualified 
MAMA detectors has continued under the impetus of the 
SOHO, STIS and Lyman/FUSE flight programs. 6,7,8 In 
addition, a recent sounding rocket flight by Dr. Andrew 
Smith (NASA Goddard Space Flight Center) using a 256 x 
1024-pixel MAMA detector successfully imaged the irreg- 
ular galaxy NGC 4449 in the far ultraviolet, providing valu- 
able experience with MAMA detectors in the sounding 


rocket environment.^ 

The HiRES instrument consists of a Gregorian tele- 
scope which is focussed onto a multi-purpose entrance slit 
complex. The entrance slit is etched in a reflective sub- 
strate in order to allow real lime monitoring of the tele- 
scope targeting by a CCD camera and also to measure the 
temperature minimum irradiance at 1600 A through a sepa- 
rate filtered camera. Two slits feed respectively a 1-m 
toroidal grating spectrometer for the stigmatic observations 


Table 1. HiRES Classical Gregorian Specifications 

Primary Mirror 

Secondary Mirror 

System 

Diameter 450 mm 

F-Number 1.944 

Radius of Curvature 1750 mm 

Conic Constant -1 

Center Hole Diameter 75 mm 

Substrate Material Zerodur 1 

Coating Iridium 

Diameter 112 mm 

Magnification -7.716 

Radius of Curvature 385.5822 mm 

Conic Constant -0.593658 

Obscuration 25% 

Substrate Material Zerodur 

Coating Iridium 

Minor Separation 1093 mm 

Focal Length 6750 mm 

F-Number 15 

Back Focal Length 587 mm 

Overall Length 1680 mm 

Plate Scale 33 pm (arcsoc)'* 

Total Field of View 3x3 arcmin b 

Metering Structure Invar 

* Density 2 52 gm cm'^: Primary mirror weight = 29.4 kg 
b Limited by Lyot stop at primary focus 
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1 Table 2. HiRES EUV Spectrometer Characteristics 

1-m Toroidal Grating Spectrometer 

0.25-m EUV Irradiance Spectrometer 

Mounting Rowland Circle 

Entrance Slit 14 um x 6.2 mm 

Field of View 0.4 arcsec. x 3.0 aremin. 

Grating Ruling Frequency 3600 lincs/mm 

Grating Mean Radius of Curvature 1000 mm 

Angle of Incidence 11.947’ 

Aspect Ratio of Toroid 0.9782 

Horizontal Radius of Curvature 1011.1 mm 

Vertical Radius of Curvature 989.1 mm 

Stigmatic Wavelength Range 510 A to 630 A® 

Spectral Resolution (2 pixels) 0.078 A 

Substrate Material Zcrodur 

Coaling Osmium 

Mounting Rowland Circle 

Grating Tyi>c Spherical 

Entrance Slit 10 uni x 3.0 mm 

Field of View 3.8 x 3.8’ 

Gratjng Ruling Frequency 1028 lincs/mm 

Grating Radius of Curvature 250 nun 

Angle of Incidence 9.0’ 

Wavelength Range 2K0 A to 1270 A* 

Spectral Resolution (2 pixels) 2 A 

Substrate Material Zcrodur 

Coaling Gold 

| | * Wavelength ranges in 1st order 


in ihe EUV and a 1-m Wadsworth spectrometer for detailed 
line shape studies of the He I 10830 A absorption feature. 
The toroidal grating spectrometer employs a (728 x 2808)- 
pixel MAMA detector; the Wadsworth spectrometer will 

I use a CCD detector. In addition, the payload includes an 
ISTC (formerly Wcslinghousc) platinum hollow-cathode 
lamp 1 ® for on-board calibration of the EUV spectrometer, 
as well as a separate 0.25-m spherical grating spectrometer 
with a (1 x 1024)-pixel MAMA detector for atmospheric 
extinction measurements in the 280 to 1270 A range. A 
conceptual layout of the payload is shown in Fig. 1. The 
telescope specifications are given in Table 1, the charactcr- 

I istics of the spectrometers are summarized in Table 2 and 
the MAMA detector characteristics arc summarized in 
Table 3. 

! This paper reviews the results of ray-tracing analyses of 
the telescope and the tclcscopc/loroidal grating combina- 
| lion. This is followed by a discussion of the till and 
I despacc tolerances on the optical system which must be 
maintained in order to achieve and maintain die 0.4 arcsec 
resolution in the sounding rocket environment. Results 
from finite element analyses of die telescope primary mir- 
ror are presented and used to introduce a proposed primary 
mirror mounting method. Test results from the laboratory 
toroidal gradng work are also presented and compared with 
ray-tracing prediedons of the imaging performance. 

2. EUV ALIGNED SYSTEM ANALYSIS 

In order to ascertain the image quality of die telescope 
and the complete telescope-toroidal grating combination, 
ray tracing studies were carried out using the CODE V 
computer program from Optical Research Associates, 
Pasadena, California. These studies investigated image 
aberrations in a system assumed to have perfectly figured 


Table 3. HIRES MAMA Detector Characteristics 

Toroidal Grating Spectrometer Detector 

Type 

0|>cn Structure 

Format 

728 x 2808 pixels (fine-fine) 

Total No of Amplifiers 

160 

Pixel Dimensions 

14 x 14 pm 

Position Sensitivity 

< 1 pm 

Pholocalhodc Material 

MgFj or KBr 

Irradiance Spectrometer Detector 

Type 

Open Structure 

Formal 

1 x 1024 pixels (line-line) 

Total number of Amplifiers 

64 

Pixel Dimensions 

25 x 25 pm 

Pholocadtode Material 

bare MCP 


elements and did not lake into account effects due to scat- 
tering, intermediate slope errors, figure errors, or reflectiv- 
ity characlcrisucs of die coalings. The effects of misalign- 
ment arc discussed in the following section. 

The telescope type selected for die HiRES mission is a 
classical Gregorian. The Gregorian type is chosen because 
it allows a slop to be placed at the primary focal point 
which limits the ficld-of-vicw and can be mirrored in order 
to shield the secondary mirror and its associated structure 
from out-of-field radiation. The rcjccdon of heat from die 
secondary mirror is necessary in order to avoid excessive 
dicrmal expansion of the structure and also to reduce the 
effects of UV pholo|)olyincrizalioii of contaminants on the 
mirror surface. The basic characteristics of die telescope 
are summarized in Table 1. Normally, the field limiting 
aberration of the classical Gregorian is tangential coma. 
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Fig. 2. Telescope on-axis Point Spread Function (PSF). The solid 
square drawn around the PSF is 14 pm in size which corresponds 
to a single detector pixel. 


# 





I Fig. 3. Telescope Spot Diagrams for three field angles: On-Axis 
0.76 aicmin (0.0127 deg.) field angle (middle), and 1.37 
larcmin (0.0260 deg.) field angle (top). The scale bar represents 3 
Ipm. 



Fig. 4. Telescope Encircled Energy plot. The 80% encirclement 
values for the three field angles shown are 2.4 pm (0.073 arcsec), 
2.59 pm (0.079 arcsec, and 3.1 pm (0.094 arsec), respectively. 


This can be eliminated by employing an aplanatic design 
with an ellipsoidal primary mirror. However, due to the 
limited field of view, coma from the telescope (and all 
other off-axis aberrations as well) will be small and will not 
limit the resolution of the instrument. A fortunate benefit 
of using a classical Gregorian rather than an aplanal is that 
the paraboidal primary of the classical type is relatively 
easy to grind, polish and test. 

Fig. 2 shows the on-axis point spread function (PSF) at 
the spectrometer entrance slit (telescope focal plane). For 
comparison, a 14 x 14 pm 2 square, representing a single 
detector pixel is drawn around the PSF. Fig. 3 shows the 
spot diagrams for three positions along the spectrometer 
entrance slit From bottom to top, the field positions are 
on-axis (0 aremin field angle), ±1.3 mm along the slit (0.76 
aremin field angle), and ± 3.1mm along the slit (1.37 
aremin field angle), respectively. Fig. 4 presents the encir- 
cled energy curve for the same field angles as shown in the 
spot diagrams in Fig. 3. This figure reveals that for the on- 
axis image, 80 percent of the energy is contained within a 
2.4 pm (0.073 arcsec) circle and for the maximum field- 
angle image points at 1.37 aremin, 80 percent of the energy 
is within a 3.1 pm (0.10 arcsec) circle. Thus, the f/15 clas- 
sical Gregorian is capable of achieving a 0.1 arcsec resolu- 
tion over the entire field of interest The telescope perfor- 
mance is not diffraction-limited since for an obscuration of 
23%, the first Airy diameter of a perfect aperture image is 
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Fig. 5. Layout of spectrograph employing a single toroidal grat- 
ing. Exact stigmatic focusing occurs at angles of diffraction ± Pg 
which are defined by Eqn. (1). For small values of Pg and a suffi- 
cient depth of focus, die images arc effectively stigmatic between 
and somewhat beyond die two stigmatic points. 

approximately 1 pm. However, the spot size is well within 
llic resolution requirements of the instrument. 

From the spectrometer entrance slit, the telescope 
image diverges to the diffraction grating. The grating both 
diffracts and reimages the slit with the tangential (also 
called the spatial , vertical, or secondary ) focus occuring 
on a parabolic curve in the equatorial plane of the grating 
and the sagittal (also called the spectral or horizontal ) 
focus occuring on the Rowland circle.** For a spherical 
diffraction grating, the focus curves do not intersect and all 
images are astigmatic; for a toroidal grating, the vertical 
radius of curvature, R v , is decreased relative to the horizon- 
tal radius, R h , and the curves then intersect at two points 
located symmetrically about the grating normal as shown in 
Fig. 5. For a given angle of incidence, a, the relation 
between the radii of curvature and the stigmatic points 
located at angles ± P 0 is given by 

R v = R h cosa cosPg (1) 

For the HiRES toroidal grating, the stigmatic points arc 
located at P 0 = ± 0.8250’ from die grating normal corre- 
sponding to 615 and 535 A. Imaging the stigmatic points 


Fig. 6. Ray footprint of the telescope image on the toroidal grat- 
ing. The grating extent of 70 x 70 mm 2 is shown by die solid 
rectangle. The clipping is due to the input ray grid. The obscura- 
tion of the telescope secondary mirror is evident in the missing 
rays in the central portion of the footprint. The scale bar repre- 
sents 25 nun. 

this close to the normal has two advantages. First, the 
parabolic secondary local curve is very shallow near the 
normal and is approximated by a straight line within the 
resolution tolerance of the system dius allowing a planar 
detector face to be used widioul degradation in image qual- 
ity. Second, the distance between the secondary curve and 
die Rowland circle is small so dial die residual astigmatism 
between and somewhat beyond the stigmatic points is 
widiin the abcnadonal tolerance of die system. 

A CODE V ray tracing model of die tclcscopc/loroidal 
graUng combination was constructed in order to investigate 
the image quality of the complete optical system. Fig. 6 
shows the ray footprint from the telescope on the toroidal 
gradng . The footprint is limited to approximately the cen- 
tral 61 mm of the 70 mm grating showing that die grating is 
slightly underfilled in the 'present system. In Fig. 7, spot 
diagrams arc shown for the 535 A stigmatic point lor the 
same three field angles examined in Fig. 3. The results for 
the 615 A stigmatic point are essentially identical to the 
535 A results. Fig. 7 reveals that the meridional plane 
image quality of the iclcscopc-loroidal grating system is 
excellent widi an RMS spot size of approximately 0.1 arc- 
sec; die image is characterized by a circular core widi rcsid- 


150 / SP/E Vol. 1546 Multilayer and Grazing Incidence X-Ray/ EUV Optics (1 991) 



0 00000 


0 . 00000 


Figure 7a. 
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Fig. 7a. Spot diagram for the 535 A stigmatic point in the 
meridional plane. The scale bar represents S |im. Residual 
comatic aberration is evident on an otherwise circular image 

Fig. 7b. Spot diagram for the 535 A stigmatic point 0.76 
armin. off the meridional plane. The scale bar represents 5 
pm. The image reveals obscuration effects from the tele- 
scope secondary mirror as well as the increased coma. 

Fig. 7c. Spot diagram for the 535 A stigmatic point 1.57 
arcmin off the meridional plane. The scale bar represents 10 
pm. The image is basically identical to the image in Fig. 7b 
except for a large-scale factor increase. 


ual comatic flare. However, the off-plane image quality is 
further degraded by coma and the resulting RMS spot size 
is increased. In particular, the RMS spot size for the 0.76 
arcmin Held angle is 0.51 arc sec and the RMS spot size for 
the 1.57 arcmin field angle is 1.04 arcsec. It is also evident 
that the obscuration of the secondary mirror results in a 
central void for the off-plane field angles. Fig. 8 presents 
the same spot diagrams at the secondary focal curve for the 
575 A radiation which is imaged on the grating normal. It 
can be seen that the meridional image quality is still excel- 
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Fig. 8a. Spot Diagram for the 575 A image on the grating normal, 
rite scale bar represents 5 pm. The main image core is lire circle 
if least confusion for this astigmatic point. The spot size is still 
well within the 14 micron pixel size and shows decreased comatic 
aberration relative to the stigmatic points due to imaging on the 
grating normal. 



< 1 . 00300 rr 


0.00000 


Fig. 8b. Spot diagram for the 575 A image 0.76 aremin off tire 
meridional plane. The scale bar represents 5 pm. This image is 
nearly identical to the image in Fig. 7b showing that the off -plane 
image quality is very uniform. 


Fig. 8c. Spot diagram for lire 575 A image 1.57 aremin off die 
mcrdional plane. The scale bar represents 10 pm. This image is 
very similar to die image in Fig. 7c and again demonstrates die 
uniformity of off-plane imaging. 

lent widi a nearly symmetric core and small residual coma; 
llic RMS spot size is 0.186 arcscc. Off-plane image quality 
is nearly identical to dial of the stigmatic points with a 0.51 
arcscc RMS spot size at 0.76 aremin and a 0.9874 arcscc 
spot size at 1.57 aremin. Fig. 9 plots the encircled energy 
on die detector plane at 575 A for the three field angles 



Illur Circle Diameter, arcscc 

Fig. 9. Geometric Encircled energy on the detector plane. The 
on-axis (in die meridional plane) image demonstrates 0.3 arcscc 
resolution. 60% of 0.76 aremin field angle energy is contained 
widrin 0.5 arcscc. while 20% of the 1.57 aremin field angle energy 
is contained widiin 0.5 arcscc. 
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Fig. 10. RMS spot size vs. secondary mirror tilt. The three field 

angles discussed in the text are plotted: ( ) on-axis; ( ) 

0.76 arcmin off-axis; ( )1.57 arcmin off-axis. 


plotted in Figs. 7 and 8. It is evident that the pure-toroidal 
grating does not provide the desired image characteristics 
for the off-plane points. The performance of coma-cor- 
rected toroidal gratings is currently under investigation 2 
and is discussed in section 5. 

3. EFFECTS OF ALIGNMENT AND DESPACE 
ERRORS 

The results given above assume a perfectly aligned 
optical system. Since the payload is to be initially flown 
on a sounding rocket, it is anticipated that static and 
dynamic loads of flight will result in some degree of mis- 
alignment and despace among the components. In Fig. 10, 
RMS spot size of the image on the detector plane for the 
573 A (grating normal) radiation is plotted against sec- 
ondary mirror tilt in the tangential plane. The 575 A wave- 
length is studied because as shown in the preceding section 
it suffers the greatest in-plane aberration for wavelengths 
between the stigmatic points and therefore will be the most 
sensitive to alignment errors. From Fig. 10, it can be seen 
that a secondary lilt of approximately 50 arcsec results in a 
blur size of 0.4 arcsec for the on-axis rays and in order to 
maintain a blur size of 0.5 arcsec or below for these rays, 
the maximum allowable tilt is 65 arcsec. The effect of tan- 
gential secondary tilt on the off-axis images is seen to 
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Fig. 11. Spot diagram for 50 arsec of tangential tilt on the sec- 
ondary mirror. The bottom spot corresponds to the on-axis field 
point, the middle spot to the 0.76 arcmin field angle, and the top 
spot to the 1.57 arcmin field angle. The scale bar represents 28 
pm (2 pixels). 



Fig. 12. RMS spot size vs. secondary mirror dcspace. Negative 
values of despace correspond to movement of the secondary away 
from the primary mirror. The optimum detector plane focus 
occurs for a secondary mirror position which is negatively 
despaced from the primary approximately 25 mm. This is due to 
a reduction in effective field angle at the diffraction grating with a 
resulting reduction in coma. 
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increase resolution within a certain angular range. This is 
due to the decrease in effective field angle at the diffraction 
grating for the off-axis points. The 0.76 arcmin field angle 
rays give an approximately constant spot size over a 40 arc- 
sec range. For the 1.57 arcmin field angle (± 3.1 mm off- 
center in the slit), Fig. 9 verifies that the spot size does not 
increase with lilts less than 100 arcsec. The spot diagram 
for 50 arcsec of tangential secondary mirror tilt is shown in 
Fig. 11. From this diagram and the preceding analysis it is 
evident that no more than 40 arcsec of tilt can tolerated in 
the tangential direction. Sagittal tilt tolerance is somewhat 
less restricted since the only requirement is that the tele- 
scope focal spot fit within the spectrometer entrance slit. 
For instance, a sagittal tilt of 1.57 arcmin would center the 
top spot shown in Fig. 3 onto the entrance slit (although 
this diagram shows tangential extent, the telescope is rota- 
tionally symmetric); since the RMS spot size of this image 
is 1.84 pm, it is well within the slit boundaries. 

The effects of secondary mirror despace errors are sum- 



& 


0.00000 

Fig. 13. Spot Diagrams on the detector plane for -275 micron 
secondary minor despace. The on-axis image (bottom) exhibits 
the onset of astigmatism and the resultant vertical line image 
shape. The 0.76 arcmin off-axis image ( middle ) and the 1.57 
arcmin off-axis image (top) exhibit rotated astigmatic line shapes. 
The scale bar represents 28 pm (2 pixels). 



Fig. 14. RMS spot size vs. grating tangential tilt for the image 
points on and above the meridional plane. The off-plane image 
size is reduced significantly from that of the untiltcd grating. 
However, loss of symmetry results in degradation of the images 
points below the meridional plane. 

marized in Fig. 12 for the on-axis and 0.76 arcmin off-axis 
images at 575 A. The asymmetry in the curves toward neg- 
ative despace (secondary moved away from primary) is 
evidence of the fact that by increasing the length of the sec- 
ondary-grating distance, effective field angle at the grating 
is decreased and a concominant decrease in comatic aberra- 
tion leads to an improved spatial focus at the detector 
plane. This has the effect of degrading the telescope image 
on the slit jaw which is used for active monitoring of the 
pointing of the instrument, but the depth of focus of the 
telescope will be sufficient to allow this degradation and 
still maintain a high contrast slit-jaw image. Further inves- 
tigation in system optimization is currently being carried 
out. In order to maintain less than 0.5 arcsec resolution for 
the on axis image. Fig. 12 shows that a despace tolerance of 
± 300 pm is required on the secondary mirror. This same 
tolerance will hold the off-axis image to within 0.7 arcsec 
resolution. Fig. 13 shows a spot diagram for the two field 
angles discussed above at a despace of -275 pm. It is evi- 
dent that the dominant despacc aberration is astigmatism 
with both fields progressing toward vertical line images. 
Because despace errors due to the combined effects of ther- 
mal expansion and vibration are anticipated to be on the 
order of several hundred pm, the analysis above shows that 
active focussing of the secondary mirror in the axial direc- 
tion is beneficial to obtaining the resolution goals of the 
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Fig. 15. Spot diagrams on and above the meridional plane for 150 
arcsec of tangential grating tilt. Field angles of 0 arcsec (bottom), 
0.76 arcmin (middle), and 1.57 arcmin (top) are shown. The scale 
bar represents 14 pm (1 pixel). 

instrument. 

Sensitivity of the image quality to grating tilt in the tan- 
gential plane is summarized in Fig. 14 at a wavelength of 
575 A. The on-axis image degrades in the same manner 
shown in Fig. 10, but exhibits a greatly reduced sensitivity 
to tilt of the grating relative to tilt of the telescope sec- 
ondary mirror. The off-axis image quality is again 
improved due to decreased effective field angle however 
the effect is greatly enhanced over that of tilt in the sec- 
ondary. For an RMS spot size below 0.5 arcsec for the on- 
axis image, the maximum allowable grating tangential grat- 
ing tilt is approximately 300 arcsec. Fig. 15 shows the spot 
diagram for a grating tangential tilt of 150 arcsec which 
gives approximately equal RMS spot sizes of 0.304 arcsec 
at both the on-axis and 0.76 arcmin field angle. The scale 
bar represents 14 pm, or one pixel width. The 1.57 arcmin 
field angle RMS spot size for this condition is 0.753 arcsec 
in diameter which reveals that by compromising the on-axis 


Fig. 16. Spot diagrams on and below the meridional plane for 150 
arcsec of tangential grating tilt. Field angles of 0 arcsec (bottom), 
-0.76 arcsec (middle), and -1.57 arcsec (top) are shown. The scale 
bar represents 14 pm (1 pixel). 


Table 4. 


HIRES Optical Element Alignment Tolerances 

Secondary Tilt 

40 arcscc 

Secondary Axial Despace 

300 pm 

Diffraction Grating Tilt 

300 arcsec 


image quality by rotating the grating in the tangential plane, 
a more uniform spatial response can be obtained from the 
system above the meridional plane. The resultant loss of 
tangential symmetry does however degrade the image 
below the meridional plane as shown in Fig. 16. 

Table 4 summarizes the tolerances discussed in the pre- 
ceding paragraphs. Although investigation of primary mir- 
ror and combined misalignments are not included, these 
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Fig. 17a. Deflection plot for a six-point mirror support system 
under 1-g static load. The maximum deflection of 0.07 pm 
occurs at the edges corresponding to the inner support pins. 


tolerances should be sufficient to maintain image quality in 
these cases as well. These tolerances are not excessive by 
modem machining and optical mounting standards and we 
therefore conclude that the HiRES instrument should be 
capable of 0.4 arcsec imaging in the sounding rocket envi- 
ronment given sufficient protection against vibration and 
thermal expansions. The following section discusses the 
optical mounting method which we intend to employ in 
order to provide this protection. 
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4. OPTICAL MOUNTING DESIGN 

The launching static acceleration of a Terrier boosted 
Black Brant sounding rocket is 12.7 g while the overall 
RMS vibrational acceleration levels can reach 20 g. Given 
the tolerances derived in the preceding section, these condi- 
tions require a very well engineered mounting system for 
the optical elements of the instrument. The mountings 
must also limit motions due to thermal expansions of the 
payload structure and optical elements. Of particular con- 
cern is the primary mirror due to its large mass (29.4 kg) 
which is mainly a result of its uniform thickness construc- 
tion. Although initial plans called for deep profiling of the 
rear substrate contour in order reduce the mass 
(“lightweighting” the mirror), this was later shown to be a 
possible source of excessive bending flex, especially at the 
thinner edges of the mirror. Consequently, the current 
design is a monolithic Zerodur substrate which has excel- 
lent thermal and bending stress resistance. 

A finite element model of the primary mirror is cur- 
rently undergoing testing in India using the ANSYS program 



Fig. 17b. Deflection plot for a 20 mm wide annular minor sup- 
port system under 1-g static load. The maximum deflection of 
0.007 |im occurs uniformly around the outer edge of the minor. 


in order to analyze possible mounting designs for the pri- 
mary mirror. In Fig. 17 we show the results of static 1 g 
loading of two basic mounting designs: a six-point pin 
mount consisting of three inner and three outer diameter 
pins, and a uniform 20 mm wide support ring mount . As 
expected, the six point mount exhibits non-uniform deflec- 
tions which arc greatest at the edges of the mirror corre- 
sponding to the inner pins. The maximum deflection of 
this configuration is 0.07 |im. The annular ring mount 
shows a uniform deflection pattern with significantly 
decreased distortion over the entire mirror. The maximum 
deflection measured for this mount is 0.007 pm. Further 
analysis of this mounting method reveals that as the support 
ring is widened, overall deflection of the mirror is reduced. 
In all cases, maximum deflection occurrs at the edges of the 
mirror and this suggests that an annular, outer diameter 
support method may provide the smallest overall static 
deflection values. 

Vibrational damping of the primary mirror and all other 
optical elements will be accomplished through the use of 
Dow Coming 93-500 Space Grade Encapsulant (Sylgard). 
This silicon-based encapsulant has extremely low vacuum 
outgassing rates, a low thermal conductivity of 8.36 xlO’ 5 
Joules cm -1 (deg C)' 1 see' 1 , and a Shore A hardness of 46. 
The edges of the optical elements will be completely poued 
in Sylgard, which is contained by an aluminum cell. The 
containment cells for the primary and secondary mirrors are 
then connected to the metering structure, aligned, and then 
rigidly fastened providing a robust base structure for the 
optical elements. This method of mirror mounting was 
used with success on the HRTS solar sounding rocket 
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Fig. 18. Preliminary primary mirror support design. The 
Sylgard encapsulant provides both thermal and vibrational iso- 
lation of the minor from the surrounding structure. 


instrument. 12 Fig. 18 presents the proposed primary mirror 
design which incorporates the outer-diameter support 
method with the Sylgard pot ting-cell mounting method 

5. TOROIDAL GRATING TEST RESULTS 

Laboratory testing of both toroidal and coma corrected 
toroidal gratings is currently underway at the University of 
Padua and Stanford. The toroidal gratings are tested under 
hollow cathode lamp illumination using the spectrometer 
shown in Fig. 19. A set of ten pinholes 25 pm in diameter 
and 250 pm apart is placed along the spectrometer entrance 
slit for image testing. The image is recorded on either an 
intensified CCD detector following a down-converting 
tetraphenyl butadine phosphor deposited on a fiber-optic 
faceplate or by an open-structure 360 x 1024-pixel MAMA 
detector directly attached to the spectrometer vacuum 
chamber. 

Images of ten pinholes recorded at the He I 584 A 
wavelength by the intensified CCD detector are shown in 
Fig. 20 for gas pressures in the light source of 5 and 30 
mbar, respectively. For this particular grating, it is found 



Fig. 19. The 1-m vacuum spectrograph at Stanford. The additional vacuum system in the cart on the right is used to differentially pump 
the hollow cathode lamp attached to the arm of the spectrograph. A similar version is in use at the University of Padua, Italy. 
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Fig. 20. Images of ten 25 pm diameter pinholes in die He I 584 A resonance line. The |K>int sptcud function of the detector and die 

effects of finite size pinholes have been deconvolved from die image. 


that the stigmatic condition is satisfied for an angle of inci- 
dence of 11.62* and Pq = 0.51* at 584 A yielding an aspect 
ratio of R v /R h = 0-9795 very close to the desired value of 
0.9782. With the measured instrument function decon- 
volved from the image, the spectral images of a singcl pin- 
hole at 5 and 30 mbar gas pressure appear as shown in Fig. 
21. These images demonstrate the ability of the toroidal 
grating to provide high resolution simultaneously in the 
spatial and spectral dimensions. The residual coma evident 
in these images is much smaller than predicted by the ray 
tracing data shown in section 2. This is because the data 
shown here arc for the toroidal grating alone and do include 
the effects of telescope image quality or eff-axis pointing. 
Earlier ray tracing studies carried out on the grating alone 5 
are in good agreement with these test results. 

Testing of an N f/8 toroidal diffraction grating is now 
taking place at the University of Padua. The initial results 
have been reported elsewhere 2 and will shortly be com- 
pared with those from a coma-corrected f/8 toroidal grat- 
ing. Future plans for grating testing include the further 
characterization of the f/15 toroidal grating in conjunction 


with the 360 x 1024-pixel MAMA detector and characteri- 
zation of an 1800 grooves mm 1 toroidal grating at Stanford. 
Development of the coma-correcting deformation tech- 
nique is ongoing, as well as continued testing of the result- 
ing gratings at Padua. 
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a. Low gas pressure (5 mbar). 


b. High gas pressure (30 mbar). 


Fig. 21. Images of a single 23 pm diameter pinhole in the He I 384 A resonance line. The image demonstrates the spectral and spatial 

resolution capabilities of the toroidal grating in the EUV 
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ABSTRACT 

A laboratory extreme ultraviolet (EUV) imaging spectrometer has been fabricated and tested. 
This instrument is used to test and to characterize toroidal gratings like those which will be 
employed in the high-resolution spectroheliometer (HiRES) configured for flight on a sounding 
rocket. The imaging spectrometer will be used also for characterization and calibration of Multi 
Anode MicroChannel Array (MAMA) detectors foreseen on the ESA/NASA Solar Heliospheric 
Observatory (SOHO) satellite. The spectrometer employs a concave toroidal grating illuminated at 
normal incidence in a 1 meter Rowland circle mounting: high efficiency is achieved because the 
grating is the only reflecting surface. The grating is able to produce stigmatic images over a 
wavelength range of about 100 A or 200 A centered respectively around 600 A or 1200 A. The 
source, used to illuminate sets of micron sized pinholes arranged along the spectrometer entrance 
slit, is a dc hollow cathode lamp: a low-pressure spark-discharge tube operating with noble gases 
and able to produce sharp spectral lines. The spectra are detected by mean of a MAMA detector 
which yields high-resolution imaging with great efficiency at EUV wavelengths. The results of 
the initial imaging tests and the measurements carried out are presented and discussed 


1 THE SPECTROMETER 

A concave toroidal diffraction grating illuminated in near normal incidence can produce 
exact stigmatic images in two points of the Rowland circle if the torus vertical and 
horizontal curvature raddii satisfy the following condition: 

R v = Rh sin a sin po (1) 

where a and are respectively the incidence and diffraction angles (Haber 1950).The 
two stigmatic points are located symmetrically to the grating normal at ±Po on the plain 
that contains the Rowland circle whose diameter is Rh- In systems where fio is small there 
is some depth of focus that enable stigmatic focusing between, and somewhat beyond the 
two stigmatic points. With a single toroid (moderate speed system with focal ratio ~ 
f/15) a wavelength range of over 100 A in the EUV can be obtained with high image 
quality (Huber and Tondello 1979). The gratings we use have been fabricated using a 
replica technique with deformable submaster obtained from ruled spherical master (Huber 



et al.. 1981). The concave toroidal grating is replicated on a fixed zerodur substrate from 
the submaster deformed to the appropriate aspect ratio. An osmium coating enhances the 
EUV reflectivity. The characteristics of the gratings we tested are listed in table 1. 


DESIRED CHARACTERISTICS OF THE F/15 TOROIDAL GRATINGS 

Horizontal radius of curvature Rh 

1011.1 mm 

Vertical radius of curvature R v 

989.1 mm 

Aspect ratio Rh / Rv 

0.9782 

Angle of incidence a 

11.947° 

Ruled area 

70 x 70 mm^ 

Ruling frequency 


1800 grooves mm' 1 

Wavelength at stigmatic points 
(±00 = 0.825°) 

535 A, 615 A 

1070 A, 1230 A 

Wavelength on grating normal 



575 A 

1150 A 


TABLE 1. 


The spectrometer has the entrance slit, the detector and the grating located on a 1-m 
Rowland circle. The grating is mounted on a plateform that can be moved radially and 
tangentially for fine focal and spectral adjustments. The source is a DC hollow cathode 
lamp, a low-pressure spark-discharge tube operated with noble gases. The gas pressure in 
the lamp (ranging between a few tenths of a torr to a few torr depending on the gas) is 
maintained against the main chamber vacuum pressure ( 2-3 x 10"? torr) by a differential 
pumping system. A set of 10 pinholes (25 Jim diameter and 500 |im despaced) in an 
aluminum foil are located along the entrance slit. We have used the spectrometer with 
three different toroidal gratings that have the same aspect ratio but different ruling 
frequency: 3600 mm'* on the first and 1800 mm'* on the second and third. An open- 
structure MAMA detector is mounted on the output flange of the spectrometer. It is a 
pulse-counting imaging detector that employs an high gain curved-channel microchannel 
plate and a readout anode array to produce a format of 1024 x 360 pixels with pixel 
dimension of 25 x 25 iim^. 

2 TESTS AND RESULTS 

The first grating we have mounted and aligned in the spectrometer is the 3600 mm'*- 
The image of the spectrum produced by the hollow cathode lamp running with a mixture of 
Helium and Neon (20-80 %) is displayed in the figure (Fig. 1). The source discharge 
current was 150 mA, the gas pressure 1 torr and the integration time 1000 seconds. The 
grating's excellent imaging properties are visible in the sharp images of the ten pinholes in 
every spectral component Over the whole field of view the pinhole size is no more than 3 
pixels FWHM, in both the spectral and spatial direction. 















Fig. 1 - Image of the Helium-Neon spectrum obtained with the 3600 mm'l 
grating. The upper part of the image is fainter because an attenuating mesh 
is placed in front of the detector microchannel plate. The attenuator 
transmission coefficient is 10%. 



Fig. 2 - Helium- Neon spectrum obtained with the 3600 mm" 1 grating. 

The spectrum in Fig. 2 represent the spectral profile of a single pinhole across the whole 
detector. The major feature is the first resonance line of He I. Through the identification 
of the spectral position of 13 lines of Ne I, it was possible to determine the system's linear 
dispersion scale (0.0693 A/pixel). The standard deviation of residual of the measured 
coordinates to the linear least-squares fit result to be 0.27 pixel. 

We tested in the spectrometer two 1800 mm'* gratings fabricated from the same ruled 
master. The first one was tested using pure Argon in the discharge lamp. In the recorded 


spectrum, several lines of Ar n, both in 1st and 2nd order, appear beside the principal 
resonance lines of Ar I (1048.22 A, 1066.66 A). The fact that the lamp cathode is copper 
made explains the presence of the Cu II lines. 

The test on the second 1800 mm'l was performed employing the Helium-Neon 
mixture. Resonance lines, both from the gas and from the cathode material of the spark- 
discharge lamp, appear also in the spectrum obtained with this grating. The former 
spectrum covers the second half of the 1800 mm*l grating stigmatic range (1120-1270 A) 
while the Argon spectrum (990-1130 A) covers the first half. 



wavelength (A) 


Fig. 3 


In Fig. 3 the coordinate of identified lines of the spectra obtained with the two 1800 
mm‘l are plotted with the linear least-squares fit to the data. For both the gratings the 
resulting linear dispersion scale is 0. 1385 A pixel' 1 and the peak to peak departures of data 
from the fitted linear dispersion scale is within 1.8 pixels. 
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ABSTRACT 

The HiRES sounding rocket payload is designed to obtain very high spatial, spectral, and 
temporal resolution images of the solar chromospheric and coronal plasmas in the exterme 
ultraviolet (EUV) wavelength range from 500 to 650 A. The instrument consists of a 450 mm 
f/15 Gregorian telescope feeding a 1-m normal incidence stigmatic spectrometer. The stigmatic 
spectrometer utilizes a toroidal diffraction graUng formed by a unique elastic substrate 
deformation technique in order to achieve simultaneous spatial and spectral focusing at two 
points on the detector plane. Spatial resolution on the order of 0.4 arcsecond across a 3 x 3 
arcmin 2 field of view is obtained. Temporal resolution of the order of milliseconds is achieved 
by the use of an advanced imaging Multi-Anode MicroChannel Array (MAMA) detector. A 
hydrogen-alpha 6562.8 A camera and a 0.25-m EUV solar irradiance spectrometer are also 
included in the payload. 


1 INTRODUCTION 

Recent high resolution sounding rocket instruments such as the High Resolution 
Telescope and Spectrograph (HRTS) in near-ultraviolet wavelengths [Brueckner, 1983] 
and the Multi-Spectral Solar Telescope Array (MSSTA) [Walker, 1988] and the Normal 
Incidence X-ray Telescope (NIXT) [Golub, 1990] in the soft x-ray regime have pushed 
the spatial resolution of solar observations towards the sub-arcsecond level and revealed 
coherent small scale structures in all wavelengths imaged. The improvements offered by 

these instruments in both spatial and spectral resolution have provided a better 
understanding of the structure of the chromosphere and corona and the role of the time- 
dependent magnetic field in the dynamics of these regions. The HiRES instrument will 
fill a gap in the wavelength coverage of high resolution observations by adding sub- 

arcsecond imaging and radiometric data in the extreme ultraviolet wavelength range 
between 500 and 650 A. 



Resolution values for the HiRES instrument are as follows: 


• Spatial resolution: 

• Spectral resolution: 

• Temporal resolution: 


0.4 arcseconds 

X/AA = 10,000 (0.078 A) 

10' 3 sec (depending on signal levels) 


Stigmatic points are located at 535 A and 615 A with near stigmatic imaging in between 
and slightly beyond these wavelengths. The MAMA detector has a nominal 360 by 1024 
25 micron pixel format with integrated decode circuitry capable of centroiding the photon 
events to within 0. 1 pixel resulting in a spectral shift sensitivity of approximately 2 m A 
(~1 km per second Doppler shifts at 600 A). The MAMA detector uses a single curved- 
channel microchannel plate (MCP) for high geometric fidelity and minimal ion feedback. 
The spectrometer is calibrated in flight by a sealed platinum hollow cathode lamp. 

The HiRES payload includes two ancillary instruments. The first is a hydrogen 
Balmer-alpha (6562.8 A) CCD camera that performs real-time monitoring of instrument 
pointing and target selection. The second is a 0.25 meter spherical grating objectiveless 
spectrometer for full Sun irradiance measurements in the wavelength range of 280 A to 
1270 A. Provision for later inclusion of a Wadsworth infrared spectrometer for 
simultaneous helium 10830 A observations is built into the HiRES instrument. 

Table 1 lists the dominant solar spectral emission lines in the HiRES EUV 
wavelength range. 

Table 1 - Major Solar Emission Lines Visible to HiRES 


ION 

X 

A 

TEMP 

(K) 

ACTIVE 
INTENSITY 
(ctr cm'2s"*sr'*) 

COUNT 
RATE 
(Pixel" * sec"*) 

QUIET 
INTENSITY 
(erR cm"A'*sr"*) 

COUNT 
RATE 
(Pixel'* sec"*) 

Si XII 

499.0 

2.0xl0 6 

1284 

363 

66 

19 

He I 

515.6 

3.2X10 4 

199 

56 

26 

7 

Si XII 

521.1 

2!0xl0 6 

720 

213 

33 

10 

He I 

522.2 

3.2X10 4 

329 

98 

44 

13 

He I 

537.3 

3.2xl0 4 

834 

253 

109 

33 

A1XI 

550.0 

NA 

169 

48 

9 

3 

OIV 

553.7 

1.6xl0 5 

487 

138 

246 

70 

FeXV 

568.3* 

4.0xl0 6 

4733 

76 

NA 

NA 

He I 

584.3 

3.2X10 4 

7200 

2388 

828 

275 

OIH 

599.6 

l.OxlO 5 

74 

25 

43 

15 

Si XI 

606.6* 

1.6xl0 6 

16955 

292 

3049 

52 

He II 

607.6* 

8-OxlO 4 

91752 

1582 

10998 

190 

Mg X 

609.8 

l.OxlO 6 

943 

327 

136 

47 

Mg X 

625.2 

l.OxlO 6 

470 

167 

49 

17 

O V 

629.7 

2.5xl0 5 

1334 

465 

510 

178 


* Observed wavelength in second order. Intensity values from [Vemazza, 1978] 







2 INSTRUMENT DESCRIPTION 


The HiRES instrument design is based on two key technologies: the fabrication of 
replicated toroidal diffraction gratings using deformable master substrates [Huber 1979, 
1991] and the Multi-Anode MicroChannel Array (MAMA) detector [Timothy 1989, 
1991a]. A single toroidal grating produces stigmatic images which allows high- 
resolution imaging in the EUV by eliminating the reflectivity losses associated with 
multi-optic spectrometer designs. The deformable substrate fabrication method results in 
a significant saving of manufacturing and testing time as compared to the traditional 
grinding and polishing technique. The MAMA detector system to be used on the HiRES 
instrument is of the same design that is currently being developed for use on the 
ESA/NASA Solar and Heliospheric Observatory (SOHO) satellite. MAMA detectors are 
also being developed for the Space Telescope Imaging Spectrograph (STIS) and the Far 
Ultraviolet Spectroscopic Explorer (FUSE/Lynuz/i) mission. The MAMA detector gives 
the HiRES instrument the ability to image faint, multi-spectral EUV solar features with 
radiometric accuracy; to image with extremely high temporal resolution; and to transmit 
and store the data electronically. 

The instrument platform is a 22" diameter Black Brant sounding rocket. The primary 
elements of the instrument are a 450 mm f/15 Gregorian telescope, a 1 meter toroidal 
grating spectrograph, and the MAMA detector. Figure 1 shows a layout of the HiRES 
payload. 



Figure 1 - Conceptual Layout of the HiRES payload 




The HiRES instrument has two observing modes: a stationary slit mode in which the 
field of view is limited to the 0.4 arcsecond by 3 arcminute slit extent, and a spatial scan 
mode in which the sounding rocket control system is used to scan the slit across the field 
of view. In the stationary slit mode, the instrument collects high time resolution slit 
images analogous to the HRTS images. These observations are ideal for high time 
resolution studies of very small scale transient events such as microflares. The scan mode 
builds two-dimensional images perpendicular to the slit axis by scanning the slit across 
areas of interest on the Sun. Figure 2 is a scaled diagram of the HiRES scan mode field 
of view on the Sun. Each emission line in the HiRES spectral range is built into a 
composite image with temporal resolution limited by the scan time of 45 seconds. These 
images are useful for studying the morphology of the solar coronal plasmas in the distinct 
temperatures ranges of the ions listed in Table 1. More detailed descriptions of the 
HiRES instrument exist elsewhere in the literature [Timothy, 1991b; Berger, 1991]. 



Figure 2 - Typical HiRES Image Scan 
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